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(57) ABSTRACT

The present invention relates to a method of microbial pro-
duction of L-lysine from methanol and other substrates, and
particularly improving the production of L-lysine from such
substrates. The invention concerns a method for producing
L-lysine in B. methanolicus, said method comprising overex-
pressing an aspartate kinase III (AKIII) enzyme in said B.
methanolicus. In particular the method may concern intro-
ducing a nucleic acid molecule comprising a nucleotide
sequence encoding an AKIII enzyme into a B. methanolicus.
The invention also relates to a B. methanolicus micro-organ-
ism which overexpresses an AKIII enzyme, nucleic acid mol-
ecules which encode polypeptides having AK activity,
polypeptides which have AK activity and host cells and vector
systems comprising the nucleic acid molecules or vector.
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1
METHOD OF L-LYSINE PRODUCTION

The present application is a 371 of PCT/GB2009/001265
filed May 15, 2009.

The present invention concerns methods of microbial pro-
duction of L-lysine from methanol and other substrates, and
particularly improving the production of L-lysine from such
substrates. In particular, the methods of the invention involve
over-expression of an aspartokinase I1I (AKIII) enzyme in the
producing microorganism, which preferably may be Bacillus
methanolicus. This may be achieved by modifying the micro-
organism to express an AKIII-encoding gene, for example
under the control of a promoter which may be non-native (or
heterologous) to that gene. Thus, notwithstanding that the
microorganism may naturally express an (endogenous)
AKIII, a further copy (or more) of that AKIII, or of another
AKIII, may be expressed, or the microorganism may other-
wise be modified to over-express AKIII e.g. by mutagenesis,
followed by appropriate selection.

Amino acids are among the major products in biotechnol-
ogy in both volume and value, and the global market is grow-
ing. They are used as food and feed supplements, pharmaceu-
ticals, cosmetics, polymer materials and agricultural
chemicals (Ikeda (2003) Amino Acid Production Processes
In: Faurie et al., (Eds) Advances in Biochemical Engineering
Biotechnology: Volume 79, Microbial Production of [.-amino
acids. Springer: Berlin, Heidelberg, N.Y.; Marx et al., (2006)
Protein line and amino acid-based product family trees. In:
Kamm et al., Biorefineries—industrial processes and prod-
ucts. Status quo and future directions. Wiley-VCH: Wein-
heim pp. 201-216). Microbial fermentation is the dominant
method used for industrial production, and today the most
important microorganisms used are Corynebacteria, utilising
sugars. The most important industrial amino acid producer
today is the bacterium. Corynebacterium glutamicum, which
produces about 2 million tons of amino acids per year, above
1 and 0.6 million tons of L-glutamate and L-lysine, respec-
tively (Eggeling et al., (2005), Handbook of Corynebacte-
rium glutamicum. Taylor and Francis: Boca Raton). The sub-
strate for C. glutamicum fermentation is generally sugar from
agricultural crops.

There is a growing global demand for amino acids, and the
possibilities to utilise alternative substrates as feedstock in
fermentation is therefore also of considerable interest. One-
carbon (C,) compounds occur abundantly throughout nature,
and methane and methanol are two of the most important C,
compounds from a biotechnological and a bulk chemical
point of view (Linton et al., (1987) Antonie Van Leeuwen-
hoek, 53: 55-63). Compared to molasses, for example, metha-
nol is a pure raw material that can be completely utilized
during bacterial fermentations.

Methylotrophs comprise the large number of both aerobic
and anaerobic microorganisms that can grow on reduced
compounds lacking C—C bonds, such as methane and metha-
nol (Anthony (1982) The biochemistry of methylotrophs.
Academic Press: New York; Large et al., (1988) Methylotro-
phy and biotechnology. Wiley: New York). Obligate methy-
lotrophs can exclusively utilize C, compounds as a sole car-
bon and energy source, while facultative methylotrophs can
utilize both C, and multicarbon compounds. Genetic tools for
many methylotrophs have been established, and engineering
of methylotrophs leading to overproduction of different
amino acids are reported including L-serine (Izumi et al.,
(1993) Appl. Microbiol. Biotechnol., 39: 427-432; Hagishita
et al., (1996) Biosci. Biotechnol. Biochem., 60: 1604-1610),
L-threonine (Motoyama et al., (1994) Appl. Microbiol. Bio-
technol., 42: 67-72), L-glutamate (Motoyama et al., (1993)
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Biotechnol. Biochem., 57: 82-87), and L-lysine (Motayama
etal., (2001) Appl. Environ. Microbiol., 67: 3064-3070). For
example, in the Gram-negative obligate methylotroph Methy-
lophilus methylotrophus, the expression of a mutant gene
encoding dihydrodipicolinate synthase deregulated in
L-lysine inhibition caused increased L-lysine synthesis to
about 1 g/l at 37° C. (Tsujimoto et al., (2006) J. Biotechnol.,
124: 327-337). By co-expressing a mutant gene encoding an
L-lysine transporter they obtained a recombinant strain, strain
AS1 (pSEA10), secreting 11.3 g/1 of L-lysine from methanol
(Gunji et al., (2006) J. Biotechnol., 127(1): 1-13). A recom-
binant mutant, AL119 (pDYOM4-2), of the Gram-negative
obligate methyotroph Methylobacillus glycogenes, overex-
pressing a dihydrodipicolinate synthase partly deregulated in
L-lysine inhibition was reported to produce about 8 g/l of
L-lysine and 37 g/l of 1-glutamate from methanol at 37° C.
(Motayama et al., (2001), supra). Notwithstanding the fore-
going, no commercial methanol-based industrial production
process for any amino acid is presently thought to exist.

The methylotrophic thermotolerant bacterium B. methan-
olicus may represent a promising candidate for the biocon-
version or methanol into amino acids (Brautaset et al., (2007)
Appl. Microbiol. Biotechnol., 74: 22-34). Favourable prop-
erties of B. methanolicus include lack of sporulation at high
temperatures, utilisation of methanol as energy and carbon
source, high methanol conversion rate, and an optimal growth
temperature of 50° C. B. methanolicus mutants produced by
random chemical mutagenesis have been reported to produce
upto37 g/lof L-lysine (Schendel et al., (1990) Appl. Environ.
Microbiol., 56: 963-970). Whilst methanol may represent an
attractive substrate, B. methanolicus may utilise other sub-
strates including multi-carbon substrates such as sugars (e.g.
mannitol). Accordingly, B. methanolicus is of interest as a
“host” or organism for production of L-lysine, irrespective of
substrate (i.e. not necessarily using methanol as substrate).

L-lysine is synthesised from L-aspartate as part of the
aspartate pathway which also includes the biosynthetic path-
ways for L-methionine and L-threonine (FIG. 1). The first
step of the aspartate pathway is controlled by aspartokinase
(“AK”;  ATP:4-L-aspartate-4-phosphotransferase).  This
enzyme is generally heavily feedback-regulated by products
of the aspartate pathway, both in respect to enzyme activity
(inhibition) and enzyme synthesis (repression). Deregulation
of AK (i.e. removal of inhibition of enzyme activity) has been
reported to be the most important step in the development of
commercial L[-lysine producing strains (Pfefferle et al.,
(2003) Biotechnological manufacture of lysine. In: Faurie et
al., (Eds) Advances in Biochemical Engineering Biotechnol-
ogy: Volume 79, Microbial Production of L-amino acids.
Springer: Berlin, Heidelberg, N.Y., pp. 59-112), and it has
been stated that metabolic engineering further to improve
L-lysine production of B. methanolicus should focus on
deregulating key enzymes in the L-lysine biosynthetic path-
way (Brautaset et al., (2007) supra). Indeed, a number of
favourable mutations causing deregulation of AK feedback
inhibition (i.e. resistance to allosteric inhibition) in the com-
mercial L-lysine producer C. glutamicum have been reported
(Ohnishi et al., (2002) Appl. Microbiol. Biotechnol., 58: 217-
223; Eggeling et al., (2005) supra; Jakobsen et al., (2006) J.
Bacteriol., 188(8): 3063-3072); Cremer et al., (1991) Appl.
Environ. Microbiol., 57(6): 1746-1752; Jetten et al., (1995)
Appl. Microbiol. Biotechnol., 43(1): 76-82).

While C. glutamicum has a single AK enzyme, the well-
studied B. subtilis is known to possess three AK isoenzymes,
AKI, AKII and AKIII. Generally, little attention has been
given to studies of the effects of manipulations involving AK
on L-lysine production in B. subtilis. The L-lysine analogue
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S-(2-aminoethyl)cysteine (AEC) has been used extensively
to generate microbial L-lysine overproducers, by classical
mutagenesis followed by selection. Although decreased feed-
back inhibition of AKI and AKII was demonstrated in B.
subtilis, improved L-lysine production was not reported
(Zhang et al., (1990) J. Bacteriol., 172(8): 4690-4693). Muta-
tions in some AEC-resistant B. subtilis mutants were mapped
to the 5' untranslated RNA leader of lysC (encoding AKII),
and correlated with decreased repression and an increase in
L-lysine production. However, significant -lysine produc-
tion (exceeding 1 g/1) by such mutants has not been reported
(Voldetal., (1975) J. Bacteriol., 121(3): 970-974). The inven-
tors are not aware of any reports describing mutations in
AKIII in B. subtilis which lead to increased L-lysine produc-
tion.

Until now, in B. methanolicus only lysC encoding AKII has
been known (Schendel et al., (1992) Appl. Environ. Micro-
biol., 58(9): 2806-2814). The present invention has been
facilitated by the cloning and sequencing by the present
inventors of the genes encoding AKI (dapG) and AKIII
(ycIM) of B. methanolicus, as discussed in more detail below.

As discussed above, efforts to increase the microbial pro-
duction of L-lysine have mainly concentrated on deregulation
of AK by using AK mutants resistant to allosteric inhibition
by products of the pathway. There have been no reports of the
successful use of wild-type AK in significantly increasing
L-lysine production. When the C. glutamicum gene encoding
wild-type AK was expressed from a plasmid in C.
glutamicum, no L-lysine was produced. However, L-lysine
was produced in a C. glutamicum transformed with a plasmid
expressing a mutant, feedback-resistant AK, suggesting that
in the former case the feedback-sensitivity of the wild-type
AK was responsible for the lack of L-lysine production (Cre-
mer et al., (1991), supra). In another study, C. glutamicum
carrying plasmids from which the wild-type AK-encoding
gene is expressed from a heterologous promoter was unable
to grow on defined medium (Koffas et al., (2003) Metab.
Eng., 5(1): 32-41). In experiments involving the overexpres-
sion of the wild-type C. glutamicum (but referred to as B.
favum) AK-encoding gene from its native promoter, while a
33% increase in L-lysine production was observed in an
AEC-resistant, L-lysine-overproducing C. glutamicum
strain, no increase was reported when a wild-type strain was
used (Lu et al., (1994) Biotechnol. Lett., 16(5): 449-454). An
increase of 20% in L-lysine synthesis flux was observed when
a gene encoding a feedback-resistant AK was overexpressed
in a C. glutamicum strain natively expressing a wild-type
feedback-sensitive AK (Hua et al., (2000) J. Biosc. Bioeng.,
90(2): 184-192). It was previously, therefore, accordingly
believed that, consistent with the above-stated view in the art
that deregulation of AK is the most important step in devel-
oping L-lysine overexpressing strains, overexpression of
wild-type AK would not be sufficient to achieve significant
increases in L-lysine production due to, for example, the
feedback inhibitory effects of pathway products on AK
enzyme activity. As mentioned above, despite resulting in
decreased repression, high L-lysine production was not dem-
onstrated for B. subtilis AEC-resistant mutants in which the
mutations mapped to the 5' UTR of 1lysC (encoding AKII)
(Vold et al., (1975) supra; Mattioli et al., (1979) J. Gen.
Microbiol., 114: 223-225).

Surprisingly, the present inventors have now found that
overexpression of a ycIM gene encoding AKIII results in
significantly increased production of L-lysine. Significantly,
this result may be achieved using a gene encoding a wild-type
enzyme, that is an enzyme which is subject to feedback inhi-
bition. By over-expressing ycIM by expressing a ycIM gene
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(i.e. an exogenously-introduced ycIM gene) using a strong,
promoter non-native to the AKIII gene, a 60-fold increase in
L-lysine production has been achieved, with no requirement
to use a feedback inhibition-resistant mutant of AKIII. Such a
significant increase was not observed with AKI (dapG) or
AKII (lysC), using which much lower increases in L-lysine
production (2-fold and 10-fold, respectively) were observed.
The effect is thus particular to the AKIII isoform. The effect
of AKIII over-expression is demonstrated particularly in B.
methanolicus including on both methanol and sugar sub-
strates. Itis therefore proposed that over-expression of AKIII,
howsoever achieved, represents a mechanism for increasing
microbial lysine production.

As discussed further below, the present invention arises in
part from the cloning by the inventors of the ycIM (encoding
AKIII) and dapG (encoding AKI) genes of B. methanolicus.
The AKIII of B. methanolicus may be used to achieve over-
expression both in a B. methanolicus host organism and in
other organisms. A particularly notable increase in L-lysine
production was observed when wild-type B. methanolicus
AKIII was overexpressed from a strong, non-native promoter
in wild-type B. methanolicus. It is surprising that over-ex-
pression of only a single gene (yclM) may achieve this effect;
the increase may be observed in a wild-type host containing
no other modifications or mutations of relevance to the
L-lysine production pathway. This is the first report of the
expression of the AKIII isoform in particular to increase
L-lysine production and of the successful overexpression of
any gene in B. methanolicus to increase L-lysine production.

The magnitude of the increase which may be obtained, e.g.
up to 60-fold, as observed in a wild-type host, is surprising
and could not have been predicted. Before the present inven-
tion, increases in L-lysine production of only 33% and 20%
(i.e. less than 1.5-fold) were achieved in C. glutamicum.

As mentioned above, the over-expression of an AKIII gene
results in an order of magnitude-greater increase in L-lysine
production, which could not have been foreseen. The present
invention would thus clearly be of great value in helping to
meet the increasing need for L-lysine. In particular B. metha-
nolicus may beneficially be used as a host for producing
L-lysine, using both methanol and other substrates (i.e. other
carbon sources such as sugars) as feedstock.

In one aspect, therefore, the present invention provides a
method for producing L-lysine in B. methanolicus, said
method comprising overexpressing an AKIII enzyme in said
B. methanolicus. The AKIIl enzyme may be defined as an
enzyme having AK activity which is encoded by a ycIM gene.

Alternatively viewed, this aspect of the invention provides
a method for increasing the production of L-lysine in B.
methanolicus, said method comprising overexpressing an
AKIII enzyme in said B. methanolicus.

The method of this aspect of the invention is thus a method
in which B. methanolicus is cultured or grown using any
desirable carbon source as a substrate, including but not lim-
ited to methanol, under conditions in which lysine may be
produced. A B. methanolicus host cell is used which has been
modified to over express AKIII (e.g. engineered or mutated in
such a manner that AKIII is overexpressed in the host cell, for
example by introducing into a B. methanolicus host cell a
gene encoding an AKIII enzyme or by randomly mutating a
B. methanolicus host cell and selecting a mutant which over
expresses AKIIL, or by site-directed or other mutagenesis to
achieve over-expression of the endogenous AKIII). The
method of the invention may thus in one embodiment com-
prise culturing or growing a B. methanolicus host, cell which
contains an exogenously-introduced AKIII-encoding gene



US 8,859,244 B2

5

(i.e. a B. methanolicus which is transformed with an AKIII-
encoding gene), and more specifically a ycIM gene.

In another aspect, the present invention provides a B.
methanolicus organism which overexpresses an AKIII
enzyme.

More particularly, this aspect of the invention provides a B.
methanolicus organism which has been modified to overex-
press an AKIII enzyme. In one particular embodiment such
modification may comprise introducing into said organism a
gene (or more generally put, a nucleic acid molecule) encod-
ing an AKIII enzyme, more specifically a ycIM gene.

The AKIII enzyme may be any AKIII enzyme from any
source, including both known enzymes reported in the litera-
ture or as yet unknown enzymes cloned from a desired source,
and reference to AKIII includes any enzyme having the func-
tion or activity of B. methanolicus AKIII or any enzyme
considered to correspond homologously to B. methanolicus
AKIII on the basis of amino acid sequence identity or simi-
larity, or by virtue of the identity or similarity of the encoding
nucleic acid sequence to ycIM of B. methanolicus. In one
aspect the AKIII enzyme is an enzyme having AK activity
which is encoded by a ycIM gene. Thus, the AKIII of B.
methanolicus may be used as detailed below, including both
the native (“wild-type”) AKIIVycIM of B. methanolicus as set
out in SEQ ID Nos 3 and 4 or AKIII/ycIM sequences which
are functionally equivalent to SEQ ID No. 3 and/or 4 e.g.
sequences which are homologous thereto (e.g. as expressed
by % sequence similarity or identity as set out below) and
represent, or encode a polypeptide having AKIII activity. This
includes “variants” of ycIM/AKIII, e.g. which encode or are
mutant proteins retaining AKIII activity, e.g. feedback-resis-
tant mutants. It will be apparent that, while aspartokinase
activity is a prerequisite of the protein overexpressed accord-
ing to the invention, advantages in terms of the degree of
increase in L-lysine production may be obtainable through
the use of non-wild-type AKIII protein sequences which have
altered properties but which retain AK activity, e.g. feedback
inhibition-resistant AKIIT mutants. Thus, while a surprising
advantage of the invention is that an unexpected increase in
L-lysine production can be obtained by overexpression of a
wild-type AKIII sequence, namely an AKIII which has the
functional characteristics of a wild-type AKIII and more par-
ticularly an AKIII which is sensitive to feed-back inhibition
(e.g. by a product of the aspartate pathway e.g. lysine and/or
threonine etc), it may be desirable to enhance this effect
through the use of particular AKIII “variants”, for example a
variant which is feedback inhibition-resistant. The AKIII may
be obtained or derived from any appropriate organism, more
particularly a microbial or bacterial organism and in particu-
lar from a Bacillus. A representative AKIII which may for
example be used according to the invention may be obtained
orderived from B. subtilis, B. licheniformis, B. halodurans, B.
amyloliquefaciens or Listeria innocua (see for example the
AKIII of Bacillus subtilis subsp. subtilis str. 168, as described
in Kunst et al., 1997, Nature, 390, 249-256 (GenBank acces-
sion number: NC_000964) (SEQ ID NO: 5); Bacillus
licheniformis ATCC 14580 (DSM 13) as described in Rey, et
al., 2004, Genome Biol., 5, R77 (GenBank accession number:
NC_006270) (SEQID NO: 6); Bacillus halodurans C-125 as
described in Takami et al., 2000, Nucleic Acids Res., 28,
4317-4331 (GenBank accession number: NC 002570) (SEQ
IDNO: 7); Bacillus amyloliquefaciens FZB42 as described in
Chen, et al., 2007, Nat. Biotechnol., 25, 1007-1014 (Gen-
Bank accession number: CP000560) (SEQ ID NO: 8); or
Listeria innocua Clip11262 as described in Glaser et al.,
2001, Science 294, 849-852 (GenBank accession number:
AL596172) (SEQID NO: 9) (SEQIDNO: 9). It will be noted
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that the GenBank accession numbers referred to above are for
the whole genome and accordingly in terms of reference to
AKIII sequences reference is made particularly to the AKIII-
encoding parts thereof, namely the AKIII-encoding genes or
nucleotide sequences contained within the GenBank depos-
its.

An AKIII “derived from” such a known AKIII may include
for example an enzyme encoded by a variant or fragment
(part) of that gene or nucleotide sequence, for example a
variant having at least 50, 55, 60, 65, 70, 75, 80, 85, 90, 95%
or more sequence identity to the published or a deposited
sequence. Alternatively such an AKIII may have an amino
acid sequence which has at least 50, 55, 60, 65, 70, 75, 80, 85,
90, 95% or more sequence identity to the published/deposited
amino acid sequence, or to the amino acid translation of the
published/deposited nucleotide sequence. A “part” of the
published/deposited nucleotide or amino acid sequence may
include or comprise at least 50, 55, 60, 65, 70, 75, 80, 85, 90,
95% or more contiguous nucleotides or amino acids. More
particularly it may be an AKIII which is, or which is derived
from, the B. methanolicus AKIII, as detailed above or below.
Particularly preferably, the AKIII is wild-type or sensitive to
feedback inhibitioni.e. it is not a deregulated enzyme in terms
of' enzyme activity. It is also preferred for the AKIII enzyme
to be thermostable, e.g. capable of operating at temperatures
ofup to 40° C., 50° C., 60° C., 70° C. or 80° C.

Whilst B. methanolicus is a preferred microorganism for
production of lysine according to the invention, the effect of
AKIII over-expression in increasing production of lysine is
not limited to this organism and extends to any microbial host.
In other words any microorganism may be used as the organ-
ism for lysine production.

Thus, in an alternative aspect, the present invention pro-
vides a method for producing L-lysine in a microorganism,
said method comprising over-expressing in said microorgan-
ism an endogenous AKIII gene of that microorganism or an
AKIII enzyme defined as follows:

(1) an AKIII encoded by all or part of a nucleotide sequence as
set forth in SEQ ID NO. 3 or by a nucleotide sequence having
atleast 50% identity to SEQ ID NO. 3 (or more particularly at
least 55, 60, 65, 70 or 75% sequence identity to SEQ ID NO.
3) or a nucleotide sequence which hybridises with the
complement of SEQ ID NO. 3 under high stringency condi-
tions (0.1xSSC, 0.1% SDS, 65° C., and wash conditions:
2xSSC, 0.1% SDS, 65° C., followed by 0.1xSSC, 0.1% SDS,
65° C.) or a nucleotide sequence which is degenerate with the
nucleotide sequence of SEQ ID NO. 3; or

(i1) an AKIII comprising all or part of the amino acid sequence
as shown in SEQ ID NO. 4 or of an amino acid sequence
which has at least 50% sequence identity with the amino acid
sequence of SEQ ID NO. 4 (or more particularly at least 55,
60, 65, 70, 75 or 80% sequence identity to SEQ ID NO. 4).

The method of this aspect of the invention is thus a method
in which the desired microorganism which over expresses the
AKIII enzyme is cultured or grown using any desirable car-
bon source/substrate under conditions in which lysine may be
produced. The microorganism may be modified to over-ex-
press AKIII by introducing into the host cell a nucleic acid
molecule comprising a nucleotide sequence as defined above,
or encoding an AKIII as defined above. The microorganism
may then be cultured or grown under conditions in which the
nucleotide sequence is expressed. In another aspect, the
present invention provides a microorganism which overex-
presses an endogenous AKIII gene of that microorganism or
an AKIII enzyme defined as follows:

(1) an AKIII encoded by all or part of a nucleotide sequence as
set forth in SEQ ID NO. 3 or by a nucleotide sequence having
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at least 50% identity to SEQ ID NO. 3 (or more particularly at
least 55, 60, 65, 70 or 75% sequence identity to SEQ ID NO.
3) or a nucleotide sequence which hybridises with the
complement of SEQ ID NO. 3 under high stringency condi-
tions (0.1xSSC, 0.1% SDS, 65° C., and wash conditions:
2xSSC, 0.1% SDS, 65° C., followed by 0.1xSSC, 0.1% SDS,
65°C.) or anucleotide sequence which is degenerate with the
nucleotide sequence of SEQ ID NO. 3; or

(i1) an AKIII comprising all or part of the amino acid sequence
as shown in SEQ ID NO. 4 or of an amino acid sequence
which has at least 50% sequence identity with the amino acid
sequence of SEQ ID NO. 4 (or more particularly at least 55,
60, 65, 70, 75 or 80% sequence identity to SEQ ID NO. 4).

More particularly, this aspect of the invention provides a
microorganism which has been modified to overexpress an
AKIII gene or enzyme as defined above. In one particular
embodiment, such modification includes introducing into
said microorganism a nucleic acid molecule encoding an
AKIII enzyme as defined above.

Thus such a nucleic acid molecule encodes a polypeptide
having AKIII activity and may comprise or consist of a nucle-
otide sequence which is
(1) a nucleotide sequence as set forth in SEQ ID NO. 3;

(i1) a nucleotide sequence having at least 50% sequence iden-
tity, more particularly at least 50, 55, 60, 65, 70,75,77,79, 80,
81, 83, 85, 86, 87, 88, 89, 90, 91, 93, 95, 97, 98 or 99%
sequence identity, with a nucleotide sequence as set forth in
SEQ ID NO. 3;

(iii) a nucleotide sequence that hybridises that the comple-
ment of SEQ ID NO. 3 under high stringency hybridisation
conditions (0.1xSSC, 0.1% SDS, 65° C., and wash condi-
tions: 2xSSC, 0.1% SDS, 65° C., followed by 0.1xSSC, 0.1%
SDS, 65° C.);

(iv) anucleotide sequence which is degenerate with the nucle-
otide sequence of SEQ ID No. 3;

(v) a nucleotide sequence which encodes a polypeptide hav-
ing the amino acid sequence as set forth in SEQ ID NO. 4 or
an amino acid sequence which has at least 50% sequence
identity or preferably at least 50, 60, 65, 70, 75, 80, 82, 84, 86,
88, 90, 92, 94, 95, 96, 97, 98 or 99% sequence identity, with
an amino acid sequence as set forth in SEQ ID NO. 4;

(vi) a nucleotide sequence which is a part of the nucleotide
sequence of (i) or (ii) or (iv) or (v).

Parts of the nucleic acid molecules/nucleotide sequences
and AKIIT amino acid sequence are further defined below.

Thus, the microorganism which is modified (or “engi-
neered”) to over-express AKIII may contain an exogenously-
introduced AKIII encoding nucleic acid molecule as defined
above (the organism may be transformed with such an AKIII-
encoding nucleic acid molecule). The nucleic acid molecule
may encode an AKIII enzyme which is homologous or het-
erologous (i.e. native or non-native) to that host. Thus, a
further copy (or more) of a gene which is native to the host
may be introduced. The nucleic acid molecule which is intro-
duced may comprise a nucleotide sequence derived from the
native gene, or from a different source.

Alternatively, the “endogenous” AKIII of the producing
micro-organism may be over-expressed. By “endogenous” is
meant the AKIII which is produced as a result of expression of
the endogenous AKIII-encoding gene in that microorganism
(i.e. the gene which is present in that organism). Thus in this
case an exogenous nucleic acid molecule encoding the AKIII
is not introduced and only the gene sequence naturally
present in the microorganism is expressed (although this may
of course be modified e.g. by random or site-directed
mutagenesis): It is possible to achieve over-expression by
random mutagenesis and selection—a mutant may be
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obtained which over-expresses the native AKIII gene (the
sequence of which is not modified or mutated). Thus micro-
organisms which over-express AKIII may be modified (e.g.
by mutation) in such a manner such as to achieve over-ex-
pression of the native gene which is naturally contained in the
genome of that organism (the sequence of which may or may
not be modified). This may be for example by mutation of
regulatory elements (e.g. promoters or other transcriptional
or translational control elements or regulatory proteins etc) in
the microorganism, which may for example lead to increased
transcription of the native AKIII-encoding gene (e.g. ycIM
gene) of that organism.

As discussed above in relation to the first aspect of the
invention, the AKIII which is over-expressed may be a variant
of'a wild-type or native sequence including a feedback inhi-
bition-resistant mutant.

The producing microorganism may be any desired micro-
organism, eukaryotic or prokaryotic, but preferably it is a
bacterium. More particularly it may be a bacterium included
in, but not limited to, the following classes or genera: Bacil-
lus, Geobacillus, Methanomonas, Methylobacillus, Methylo-
philus, Pseudomonas, Protaminobacter, Methylococcus and
Listeria. The genus Bacillus is of particular interest and may
specifically include, but, not be limited to B. methanolicus, B.
subtilis, B. amyloliquefaciens, B. clausii, B. cereus, B. halo-
durans, B. sp. NRRL B-14911 and B. licheniformis.

It is preferred that the organism is thermotolerant or ther-
mophilic, for example being capable of growth at 50-70° C.
e.g. 50-60° C.

Ina particularly preferred embodiment, the microorganism
is, as noted above, B. methanolicus. The B. methanolicus or
other microorganism in which the AKIII enzyme is over-
expressed according to the invention can be any strain of the
organism e.g. of B. methanolicus. Thus it can a native or
wild-type strain or it can be a modified or mutant strain. The
B. methanolicus or other microorganism can thus be of any
genetic background including e.g. auxotrophs or mutants
resistant to lysine analogues such as AEC. It will be readily
appreciated that production of L-lysine may advantageously
be further increased through use of the invention in a particu-
lar genetic background, e.g. in a strain in which L-lysine
production is already elevated e.g. in an AEC-resistant strain
or in a lysine over-producing mutant obtained by classical
mutagenesis, or which has been engineered in other ways.
However, as discussed above, the invention beneficially
allows the use of wild-type microorganisms, specifically
wild-type B. methanolicus as host strain, and this is represents
one possible embodiment. Representative B. methanolicus
strains include B. methanolicus MGA3. Other B. methanoli-
cus wild type strains include: PB1 (NCIMB 13113), NOA2
(Schendel et al., (1990) supra), HEN9, TSL32, DFS2, CFS,
RCP, SC6, NIWA, BVD, DGS, JCP, N2 (Brautaset et al.,
(2004) J. Bacteriol., 186(5): 1229-1238) and B. methanolicus
mutant 13A52-8A66 (Hanson et al., (1996) Production of
L-lysine and some other amino acids by mutants of B. metha-
nolicus. In: Lidstrom et al., Microbial growth on C1 com-
pounds. Kluwer Academic Publishers: Dordrecht, The Ned-
erlands). As noted above, lysine over-producing mutants can
be obtained by classical mutagenesis, as known or described
in the art.

The AKIII may also be over-expressed in combination with
the expression or over-expression of other genes in the micro-
organism. Such other genes may be other genes of the lysine
biosynthetic pathway as shown inFIG. 1 e.g. asd, dap A, lysA.
Lysine production may further be enhanced in this way, as
shown in Example 2 below.
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As referred to herein, “overexpressing” means that expres-
sion of the gene encoding the AKIII is increased as compared
to, or relative to, the level of expression occurring in a micro-
organism which has not been modified according to the inven-
tion, e.g. the level of expression driven from the native AKIII-
encoding (ycIM) genomic (e.g. chromosomal) locus of the
microorganism (e.g. B. methanolicus) (if it is a native AKIII
expressor), or the level of expression seen in a control strain,
e.g. a strain which has been modified as a control but which
does not overexpress the AKIII gene (for example a strain
containing any “empty” vector, or a vector with a control
sequence). Gene expression is to be considered in terms of the
amount of protein product (AKIII enzyme) produced, which
may be determined by any convenient method known in the
art. For example, expression can be determined by measuring
protein activity (i.e. the activity of the expressed AKIII pro-
tein). Alternatively, the amount of protein produced can be
measured to determine the level of expression, for example
Western Blotting or other antibody detection systems, or
indeed by any method of assessing or quantifying protein.
Realtime PCR may also be used. The assay may be an in vivo
or in vitro assay. Thus, expression (e.g. determined by detec-
tion of the specific activity of AKIII) may be 2-, 3- or 4-fold
or more higher than that which results from the native (ie.
endogenous) AKIII-encoding gene, but may be less in other
systems or under other conditions.

AKIII activity may be determined by assaying for aspar-
tokinase activity by procedures known in the art and
described in the literature, for example as detailed in the
Examples below. Thus, AK activity of an encoded protein can
be determined by assaying for the formation of aspartyl
hydroxamate from hydroxylamine as described by Black and
Wright (Black et al., (1955) J. Biol. Chem., 213: 27-38).

According to the present invention “overexpressing” may
mean simply that an additional AKIII gene is expressed in the
host beyond the native AKIII gene (yclM) endogenously
present in that host but is not limited to such a mechanism. It
may include expressing an AKIII gene in an organism in
which does not naturally contain such a gene.

As defined herein, overexpressing an AKIII enzyme may
be by any means known in the art, such as by introducing a
gene (or put more generally, a nucleic acid molecule com-
prising a nucleotide sequence) encoding an AKIII, e.g. a copy
of'the gene, for example expressed from a stronger or unregu-
lated promoter relative to the native gene, and/or by introduc-
ing multiple copies of an AKIII-encoding nucleic acid mol-
ecule/gene.

The invention in one embodiment may thus provide a
method wherein an AKIII gene is expressed which is not
subject to transcriptional repression, e.g. by a product of the
aspartate pathway or by a repressor of the endogenous AKIII
gene.

The introduced gene(s) may be modified to render it
relieved of transcriptional repression, e.g. by mutating or
deleting recognition elements for transcriptional repressors
or by using expression control elements (e.g. promoters)
which are not subject to transcriptional regulation by the
transcriptional regulator(s) which normally control expres-
sion of the AKIII gene, e.g. which control expression in its
native situation, for example transcriptional repressors being
products of the aspartate pathway. The endogenous AKIII-
encoding gene may alternatively or additionally be modified
in this way, or by addition of a stronger promoter. Thus,
mutagenesis (including both random and targeted) may for
example be used to mutate the endogenous control or regu-
latory elements so as to increase expression of the endog-
enous AKIII gene (e.g. increase transcription and/or transla-
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tion). Alternatively, the organism may be engineered to
introduce additional or alternative regulatory elements.

In a particular embodiment, an AKIII-encoding gene may
be expressed from a non-native or heterologous promoter
(that is a promoter which is heterologous to the AKIII-encod-
ing gene, i.e. is not the native AKIII gene promoter) and
particularly a strong, non-native or heterologous promoter.
Thus, in this embodiment the AKIII-encoding gene is not
used with its native promoter. An AKIII-encoding gene may
be introduced which is under the control of a non-native
promoter. As referred to herein, a strong promoter is one
which expresses a gene at a high level, or at least at a higher
level than effected by its native promoter. The term “strong
promoter” is a term well known and widely used in the art and
many strong promoters are known in the art, or can be iden-
tified by routine experimentation.

The use of a non-native promoter may advantageously
have the effect of relieving the AKIII-encoding gene of tran-
scriptional repression, as at least some of any repressive ele-
ments will be located in the native promoter region. By
replacing the native promoter with a non-native promoter
devoid of repressive elements responsive to the effects of
pathway products, the AKIII-encoding gene will be at least
partly relieved of transcriptional repression

In a preferred embodiment the non-native promoter is
native to B. methanolicus. Alternatively, said promoter is a
methanol dehydrogenase (mdh) promoter.

Ina particularly preferred embodiment, the non-native pro-
moter is the methanol dehydrogenase (mdh) promoter of B.
methanolicus. Other promoters functional in B. methanolicus
include any of the promoters of known B. methanolicus
genes. From the previously published sequence of pPBM19
(Brautaset et al., (2004) supra) the following promoters have
been experimentally characterized: glpX, fba, pfk, rpe pro-
moters. From the previously published sequence of the hps+
phi operon (Brautaset et al., (2004) supra): hps promoter. For
Bacillus generally any promoters from closely related species
(e.g. bacilli) may be used. Promoters from other microorgan-
isms which may be used both in B. methanolicus and other
microorganisms are well known in the art and widely
described in the literature.

Alternatively, an AKIII gene may be expressed using a
native promoter. The invention encompasses the use of a
microorganism which may endogenously express an AKIII
gene (such as B. methanolicus) or which does not. In the case
of'the former, one or more additional copies of the native gene
or a variant thereof or of another AKIII gene or encoding
nucleic acid molecule may be introduced, and these may be
introduced under the control of a native or non-native pro-
moter. With a native promoter a multi-copy vector may for
example be used. In the case of the latter, an AKIII gene (or
encoding nucleic acid molecule) is introduced which is het-
erologous to that host, but which may be under the control of
a promoter which is native or non-native to the AKIII gene
from which the encoding nucleic acid molecule is derived.

As mentioned above, an increase in L-lysine production of
up to 60-fold or more is obtainable by over-expression of
wild-type B. methanolicus AKIII from the B. methanolicus
mdh promoter in a wild-type B. methanolicus host, relative to
a control lacking the exogenous AKIII construct. However, it
will be appreciated that this may vary significantly, depend-
ing on the precise system used, and the “baseline” level of
L-lysine production. Thus, an increase in L-lysine production
ot 60-, 70-, 80-, 90- or 100-fold, or more, may be attainable.
Similarly, if the baseline level of L-lysine production is rela-
tively high, e.g. in the context of a non-wild-type, L-lysine-
producing background, the fold-increase obtainable may be
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less dramatic while remaining practically valuable. Accord-
ingly, the increase in L-lysine production may be in the order
of 2-, 3-, 4-, 5-, 6-, 7-, 8-, 9-, 10-, 12-, 15-, 20-, 25-, 30-, 40-
or 50-fold, or more.

The present invention thus allows high increases in lysine
production to be obtained, particularly when using a wild-
type host where particularly high increases may be seen. It
has further been surprisingly found that L-lysine exclusively
is produced when AKIII, particularly the AKIII of B. metha-
nolicus as disclosed herein, (or indeed AKI or AKII) is over-
expressed in a microorganism. This is demonstrated in the
Examples below in B. methanolicus using the B. methanoli-
cus AKIII gene (ycIM). As both L-threonine and L.-methion-
ine are also produced by the L-aspartate pathway, the sole
synthesis of L-lysine by the methods of the invention was
unexpected and could not have been predicted prior to the
invention. Without wishing to be bound by theory, a possible
explanation for the surprisingly high increase in L-lysine
production according to the invention is that the AKIII, par-
ticularly the AKIII of B. methanolicus, may require both
L-lysine and L-threonine for feedback inhibition. AKIII in B.
subtilis has been reported as requiring both L-lysine and
L-threonine for feedback inhibition (Schendel et al., (1992)
supra). While B. methanolicus AKIII has not been purified
and biochemically characterised, and so it cannot be said for
certain that this is the case, if it is then in view of the surprising
observation that L-lysine is exclusively produced by overex-
pression of the B. methanolicus AKs, including AKIIL, it may
be that feedback inhibition is not occurring despite the use of
a wild-type ycIM gene.

Methods for introducing genes or nucleic acid molecules
are well known in the art and widely described in the literature
and any desired method may be used. The gene (nucleic acid
molecule) may thus be introduced using a vector, which may
be an autononously-replicating vector or a vector which
allows the gene (nucleic acid molecule) to be integrated into
the host genome (e.g. chromosome). The gene (nucleic acid
molecule) to be expressed may thus be introduced into an
expression vector and the expression vector may then be
introduced into the host cell. Methods for constructing
expression vectors and introducing them into host cells are
well known in the art. Conveniently, the gene encoding AKIII
may be introduced using a plasmid vector and a host micro-
organism, e.g. B. methanolicus host, may be transformed with
the plasmid e.g. by electoporation. Methods for introducing
nucleic acids and vectors into microorganisms are well
known and widely described in the literature. The choice of
method may depend on the microorganism used. As
described in Brautaset et al., 2007 (supra), methods for intro-
ducing genes into B. methanolicus and suitable plasmids etc
for use in such methods are known and available in the art.
Particular mention may be made of vectors based on the E.
coli-B. subtilis shuttle plasmid pHP13 as described by Jakob-
sen et al., 2006 (supra). Reference may also be made to
plasmids PDQ503, PDQ507, PDQ508, and PEN1 reported in
Cue et al., 1997 (Appl. Environ. Microbiol., 63: 1406-1420).
As exemplified herein, in the case of a B. methanolicus host
the plasmid pTB1.9mdh which contains the mdh gene may
conveniently be used as a vector for introduction of the gene
under the control of the mdh promoter.

In order to produce lysine the host organism modified
according to the present invention may be grown or cultured
under conditions which allow lysine to be produced using a
desired or appropriate substrate. The host cells may thus be
grown in the presence of the substrate or source e.g. in growth
media containing the substrate or to which the substrate has
been added. Methods and conditions for growing B. metha-
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nolicus are known and described in the art, and are exempli-
fied in Example 1 below. The substrate, or carbon source,
which is used for lysine production may be any suitable
substrate of choice and may depend on the microorganism
which is used. Thus, suitable substrates may be any of the
carbon-sources known and used in the art today e.g. poly- or
monosaccharides (e.g. glucose, other hexose sugars, pentose
sugars), acids (e.g. acetate), amino acids (e.g. glutamate),
one-carbon compounds (e.g. methanol, methane) and com-
plex raw-materials (e.g. molasses, protein hydrolysates). The
substrate may be provided in purified or “isolated” form or as
part of a crude, or unrefined or partially refined mixture, for
example a by-product of another commercial or industrial
process. In the case of a methylotroph such as B. methanoli-
cus methanol may be used as substrate. However, B. metha-
nolicus grows also on other substances, such as sugars, which
may be used, e.g. mannitol, glucose, maltose, ribose, acetate,
glutamate, a-ketoglutarate (Schendel et al, 1990, supra).
Exemplified below is the use of mannitol as substrate for B.
methanolicus engineered to over-express AKIIIL. It will be
seen that high levels of lysine production may be achieved,
exceeding even the lysine levels attainable using methanol.

As mentioned above, the instant invention has been made
possible in part by the cloning, for the first time, by the present
inventors of the genes encoding AKIII of B. methanolicus,
ycIM. The inventors have also cloned for the first time the
gene encoding AKI of B. methanolicus, dapG. This had not
previously been achieved, despite efforts which resulted in
the identification of lysC, encoding AKIIL, of B. methanolicus
(Schendel et al., (1992) supra). The nucleic acid sequence of
B. methanolicus dapG and ycIM are set forth in SEQ ID NOs:
1 and 3, respectively, whilst the amino acid sequence of the
encoded proteins is shown in SEQ ID NOs: 2 and 4, respec-
tively.

The invention therefore provides a nucleic acid molecule,
preferably an isolated nucleic acid molecule, which encodes
a polypeptide (or protein) having AK activity, comprising or
consisting of a nucleotide sequence selected from the group
consisting of:

(1) anucleotide sequence as set forth in SEQ ID NO: 1 or 3,

(i1) a nucleotide sequence having at least 80% sequence
identity, more particularly at least 82, 84, 86, 88, 90, 92, 94,
95, 96, 97, 98 or 99% sequence identity with a nucleotide
sequence as set forth in SEQ ID NO: 1,

(ii1) a nucleotide sequence having at least 75% sequence
identity, more particularly at least 77, 79, 80, 81, 83, 85, 86,
87, 88, 89, 90, 91, 93, 95, 97; 98 or 99% sequence identity,
with a nucleotide sequence as set forth in SEQ ID NO: 3,

(iv) a nucleotide sequence that hybridizes with the comple-
ment of (i) under the following hybridisation conditions:
0.1xSSC, 0.1% SDS, 65° C., and wash conditions: 2xSSC,
0.1% SDS, 65° C., followed by 0.1xSSC, 0.1% SDS, 65° C.
(high stringency conditions);

(v) a nucleotide sequence which is degenerate with the
nucleotide sequence of SEQ ID No. 1 or 3;

(vi) a nucleotide sequence which is a part of the nucleotide
sequence of SEQ ID NO. 1 or 3 or of a nucleotide sequence
which is degenerate with the sequence of ID NO. 1 or 3;

(vii) a nucleotide sequence which is complementary to the
nucleotide sequence of any one of (i) to (vi).

Alternatively stated, the invention provides a nucleic acid
molecule, preferably an isolated nucleic acid molecule,
which encodes a polypeptide having AK activity, comprising
or consisting of a nucleotide sequence selected from the
group consisting of:
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(1) a nucleotide sequence encoding all or part of the
polypeptide whose amino acid sequence is set forth in SEQ
IDNO: 2 or 4;

(ii) a nucleotide sequence encoding all or part of a polypep-
tide which has an amino acid sequence having at least 90%
sequence identity, preferably at least 92, 93,94, 95, 96, 97, 98
or 99% sequence identity with an amino acid sequence as set
forth in SEQ ID NO: 2;

(iii) a nucleotide sequence encoding all or part of a
polypeptide which has an amino acid sequence having at least
80% sequence identity, preferably at least 82, 84, 86, 88, 90,
92,94,95, 96, 97, 98 or 99% sequence identity, with an amino
acid sequence as set forth in SEQ ID NO. 4;

(iv) a nucleotide sequence which is complementary to the
nucleotide sequence of any one of (i) to (iii).

The nucleic acid molecule preferably encodes a polypep-
tide or protein which is an AKI or an AKIII or a part thereof
having AK activity.

Preferably, the nucleic acid molecule as defined in parts
(1)-(v) or (i) to (iii) above (i.e. not including the “complemen-
tary” molecule of part (vi) or part (iv)), encodes a polypeptide
or protein having or retaining the function or activity or prop-
erties of the AKT and AKIII enzymes as defined by the amino
acid sequences of SEQ ID NOs 2 and 4.

The terms “polypeptide” and “protein” are used inter-
changeably herein and include any length of amino acid chain
(i.e. any polymer or oligomer of amino acids).

Asnoted above, the invention extends to parts or functional
fragments of the nucleotide sequences defined above, by
which it is meant parts or fragments that encode a protein or
polypeptide which has the same or substantially the same
activity as the full length protein as defined above. Tests to
determine whether a protein/polypeptide encoded by such a
part or fragment has the same or substantially the same activ-
ity (e.g. catalytic or enzymatic activity) as the full length
polypeptide/protein as defined above include those discussed
above. Normally parts or functional fragments of nucleic acid
molecules will only have small deletions relative to the full
length nucleic acid molecule, e.g. deletions of less than 50,
40, 30, 20 or 10 nucleotides, for example at the 5' end encod-
ing the N-terminus of the protein, the 3' end encoding the
C-terminus of the protein or internally within the encoding
region, although larger deletions e.g. of at least 60, 70, 80, 90,
100, 150, 200, 300, 400, 500, 600 or 700 nucleotides, or
deletions of less than 60, 70, 80, 90, 100, 150, 200, 300, 400,
500, 600 or 700 nucleotides can also be carried out, if the
fragment has the same or substantially the same activity (e.g.
catalytic or enzymatic activity) as the full length protein as
defined above. The activity of the encoded polypeptide or
protein can readily be tested to determine whether it shares
the same activity as the full length polypeptide or protein, e.g.
as set out above.

Representative parts or fragments may comprise at least
50%, and preferably at least 60, 70, 75, 80, 85, 90 or 95%
contiguous nucleotides of the nucleotide sequence as set forth
in SEQ ID No. 1 or 3. Thus, for example in the case of the
ycIM sequence of SEQ ID No. 3, the part or fragment may be
atleast 684, 821, 957,1026, 1094, 1163, 1231 or 1300 nucle-
otides long. In the case of the dapG sequence of SEQ ID No.
1,the part or fragment may be at least 621,745, 869,931, 994,
1056, 1118 or 1178 nucleotides long. Exemplary part or
fragment sizes thus include at least 620, 700, 800, 850, 900,
950, 1000, 1050, 1100, 1150, 1200, 1250 and 1300 nucle-
otides.

Shorter fragments of the nucleic acid molecule of the
invention can be used as probes, e.g. for PCR or hybridisation
protocols. Shorter fragments can be e.g. 10-20, 30, 20-25
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nucleotides in length. Such probes are useful in protocols for
identifying further nucleic acid molecules which share
homology with the nucleic acid molecules of the invention.

The term “nucleic acid molecule” as used herein refers to a
polymer of RNA or DNA that is single or double stranded,
optionally including synthetic, non-natural or altered nucle-
otide bases. Examples of such polynucleotides include
c¢DNA, genomic DNA and dsRNA, inter alia. Preferably, the
nucleic acid molecule is DNA.

Whilst the nucleic acid sequences referred to herein com-
prise thymidine (“t”) nucleotides, it will be understood that
the invention also relates to corresponding sequences wherein
thymidine is replaced by uridine (“u”).

The invention thus includes nucleic acid molecules which
are variants of the nucleic acid molecules of SEQ ID No. 1
and 3, particularly functionally equivalent variants. The*“vari-
ant” nucleic acid molecules may thus have single or multiple
nucleotide changes compared to the nucleic acid molecules of
SEQ ID Nos. 1 and 3. For example, the variants might have 1,
2,3, 4, or 5 or more nucleotide additions, substitutions, inser-
tions or deletions.

In a further aspect, the invention provides a protein (or
polypeptide) having AK activity and comprising or consisting
of a sequence of amino acids selected from the group con-
sisting of:

(1) all or part of an amino acid sequence as set forth in SEQ
ID NO: 2 or 4,

(ii) all or part of an amino acid sequence having at least
90% sequence identity, preferably at least 92, 93, 94, 95, 96,
97, 98 or 99% sequence identity with an amino acid sequence
as set forth in SEQ ID NO:2; and

(iii) all or part of an amino acid sequence having at least
80% sequence identity, preferably at least 82, 84, 86, 88, 90,
92,94, 95, 96,97, 98 or 99% sequence identity with an amino
acid sequence as set forth in SEQ ID NO: 4.

The protein or polypeptide preferably is an AKI or AKIIT or
a part thereof having AK activity. More particularly the part
retains the function or activity of properties of the AKI or
AKIII from which it derives (as defined by reference to the
amino acid sequence of SEQ ID NOS. 2 and 4).

The protein or polypeptide may alternatively be defined
with reference to, the encoding nucleic acid sequences and as
such the protein or polypeptide of the invention can be
encoded by any of the nucleic acid molecules of the invention,
as described above.

The invention extends to functional parts or fragments of
the full length protein molecules, by which it is meant parts or
fragments which have the same or substantially the same
activity as the full length proteins as defined above i.e. they
should be considered to be functionally equivalent variants.
As noted elsewhere herein, the property can be tested for in
various ways in a straightforward manner. Normally these
functional fragments will only have small deletions relative to
the full length protein molecule, e.g. ofless than 50, 40, 30, 20
or 10 amino acids, although as noted above in connection with
nucleic acid molecules larger deletions e.g. of up to 60, 70, 80,
90, 100, 150, 200 amino acids or at least 60, 70, 80, 90, 100,
150, 200 amino acids, may be appropriate. In all cases, the
fragments should have the same or substantially the same
activity as the full length proteins as defined above i.e. they
should be considered to be functionally equivalent variants.
These deletions may be at the N terminus, the C terminus or
they may be internal deletions.

Representative parts or fragments may comprise at least
50%, and preferably at least 60, 70, 75, 80, 85, 90 or 95%
contiguous amino acids of the amino acid sequence as set
forth in SEQ ID No. 2 or 4. Thus, for example in the case of
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the YclM sequence of SEQ ID No. 4, the part or fragment may
be at least 227, 318, 341, 364, 387, 409 or 432 amino acids
long. In the case of the DapG sequence of SEQ ID No. 2 the
part or fragment may be at least 206, 248, 289, 310,330, 351,
372 or 392 amino acids long. Exemplary part or fragment
sizes thus include at least 200, 220, 230, 250, 300, 330, 350,
360, 370, 380, 390, 400, 410, 420 and 430 amino acids.

The protein of the invention as defined above thus include
variants of the sequences of SEQ ID Nos. 2 and 4, e.g.
sequences having certain levels of sequence identity to the
recited sequences. Such variants could be naturally occurring
variants, such as comparable proteins or homologues found in
other species or more particularly variants found within other
microorganisms, (which share the functional properties of the
encoded protein as defined elsewhere herein).

Variants of the naturally occurring protein as defined
herein can also be generated synthetically e.g. by using stan-
dard molecular biology techniques that are known in the art,
for example standard mutagenesis techniques such as site
directed or random mutagenesis (e.g. using gene shuffling or
error prone PCR). Such mutagenesis techniques can be used
to develop enzymes which have improved or different cata-
Iytic properties.

Derivatives of the protein as defined herein may also be
used. By derivative is meant a protein as described above or a
variant thereof which instead of the naturally occurring amino
acid, contains a structural analogue of that amino acid. Deri-
vatisation or modification (e.g. labelling, glycosylation,
methylation of the amino acids in the protein) may also occur
as long as the function ofthe protein is not adversely affected.

By “structural analogue”, it is meant a non-standard amino
acid. Examples of such non-standard or structural analogue
amino acids which may be used are D amino acids, amide
isosteres (such as N-methyl amide, retro-inverse amide,
thioamide, thioester, = phosphonate, ketomethylene,
hydroxymethylene, fluorovinyl, (E)-vinyl, methyleneamino,
methylenethio or alkane), L-N methylamino acids, D-a
methylamino acids, D-N-methylamino acids.

Sequence identity may be assessed by any convenient
method. However, for determining the degree of sequence
identity between sequences, computer programs that make
multiple alignments of sequences are useful, for instance
Clustal W (Thompson et al., (1994) Nucleic Acids Res., 22:
4673-4680). Programs that compare and align pairs of
sequences, like ALIGN (Myers et al., (1988) CABIOS, 4:
11-17), FASTA (Pearson et al., (1988) PNAS, 85:2444-2448;
Pearson (1990), Methods Enzymol., 183: 63-98) and gapped
BLAST (Altschul et al., (1997) Nucleic Acids Res., 25: 3389-
3402) are also useful for this purpose. Furthermore, the Dali
server at the Furopean Bioinformatics institute offers struc-
ture-based alignments of protein sequences (Holm (1993) J.
Mol. Biol., 233: 123-38; Holm (1995) Trends Biochem. Sci.,
20: 478-480; Holm (1998) Nucleic Acid Res., 26: 316-9).

Multiple sequence alignments and percent identity calcu-
lations may be determined using the standard BLAST param-
eters, (using sequences from all organisms available, matrix
Blosum 62, gap costs: existence 11, extension 1). Alterna-
tively, the following program and parameters may be used:
Program: Align Plus 4, version 4.10 (Sci Ed Central Clone
Manager Professional Suite). DNA comparison: Global com-
parison, Standard Linear Scoring matrix, Mismatch pen-
alty=2, Open gap penalty=4, Extend gap penalty=1. Amino
acid comparison: Global comparison, BLOSUM 62 Scoring
matrix.

A further embodiment of the invention provides a construct
comprising the isolated AKIII-encoding nucleic acid mol-
ecule of the invention (i.e. the nucleic acid of SEQ ID NO: 3
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and related or derivative sequences as defined above) oper-
ably linked to a non-native promoter, particularly a strong,
non-native promoter, preferably the mdh promoter of B.
methanolicus. Optionally, the construct may additionally
contain a further one or more genes, and/or one or more
suitable regulatory sequences. The optional further one or
more genes may be under the control of the same promoter as
the AKIII-encoding nucleic acid molecule of the invention.
The optional one or more of the regulatory sequences may be
non-native regulatory sequences.

In the context of this invention, the term “operably linked”
refers to the association of two or more nucleic acid mol-
ecules on a single nucleic acid fragment so that the function of
one is affected by the other. For example, a promoter is
operably linked with a coding sequence when it is capable of
affecting the expression of that coding sequence (i.e. the
coding sequence is under the transcriptional control of the
promoter). Coding sequences may be operably linked to regu-
latory sequences in sense or antisense orientation.

The term “regulatory sequences” refers to nucleotide
sequences located upstream (5' non-coding sequences),
within, or downstream (3' non-coding sequences) of a coding
sequence, and which influence the transcription, RNA pro-
cessing or stability, or translation of the associated coding
sequence. Regulatory sequences may include promoters,
operators, enhancers and translation leader sequences. As
used herein, the term “promoter” refers to a nucleotide
sequence capable of controlling the expression of a coding
sequence or RNA. In general, a coding sequence is located 3'
to a promoter sequence. Promoters may be derived in their
entirety from a native gene, or be composed of different
elements derived from different promoters found in nature, or
even comprise synthetic nucleotide segments. It is further
recognized that since in most cases the exact boundaries of
regulatory sequences have not been completely defined,
nucleic acid fragments of different lengths may have identical
promoter activity.

A further embodiment of the invention provides a vector
comprising a nucleic acid molecule or construct as defined
above.

More particularly, vectors comprising the AKIII-encoding
nucleic acid molecule of the invention (or construct of the
invention) may be constructed. The choice of vector may be
dependent upon the microorganism, the method that will be
used to transform host cells, the method that is used for
protein expression, or on another intended use of the vector.
The skilled person is well aware of the genetic elements that
must be present on the vector in order to successtully trans-
form, select and propagate host cells containing the AKIII-
encoding nucleic acid molecule or construct of the invention.
The skilled person will also recognize that different indepen-
dent transformation events will result in different levels and
patterns of expression and thus that multiple events must be
screened in order to obtain cells displaying the desired
expression level and pattern. Such screening may be accom-
plished by Southern analysis of DNA, Northern analysis of
mRNA expression, Western analysis of protein expression,
inter alia.

The invention further provides a microorganism or host,
particularly B. methanolicus, containing one or more of the
nucleic acid molecules, constructs or vectors of the invention,
particularly a nucleic acid molecule or a vector or construct
comprising a nucleic acid molecule encoding AKIII which
hence is capable of overexpressing AKIII. The host microor-
ganism (e.g. B. methanolicus) may or may not endogenously
contain an AKIII-encoding nucleic acid of the invention; in
either case, it is genetically manipulated so as to alter the
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expression of AKIII. This can be achieved e.g. by introducing
one or more further copies of the AKIII-encoding nucleic acid
of the invention under the control of a non-native, preferably
strong, promoter. In both of the above cases, genetic material
is present in the host organism that is not present in naturally-
occurring organism (i.e. exogenous genetic material is
present).

In general, the exogenous genetic material is introduced
using the process of transformation. Transformation will
typically involve a plasmid or other vector which will also
contain a marker (e.g. a gene) to enable identification of
successfully transformed microorganisms, e.g. a gene for
antibiotic resistance (for example against ampicillin). Other
methods for selecting transformants are known to the skilled
person and include the use of a light sensitive vector, a lux-
gene, which causes positive colonies to light up in the dark.
Other suitable vehicles for transformation of the bacteria
include cosmids and bacteriophage molecules.

As noted above, the methods of the invention find particu-
lar utility in the commercial or industrial production of
L-lysine. In a preferred aspect, therefore, the methods of
producing L-lysine or of increasing expression of L-lysine
relate to production-scale processes i.c. they are carried out
on a production-scale or industrial scale, rather than a labo-
ratory experiment. The processes may be preferred in a bio-
reactor or fermentor, particularly a production-scale bio-re-
actor or fermentor.

The invention will now be described in more detail in the
following non-limiting Examples, in which:

FIG. 1 presents a general overview of the aspartate path-
way (Paulus (1993) Biosynthesis of the Aspartate Family of
amino acids. In: Sonenshein (Ed) Bacillus subtilis and other
gram-positive bacteria: biochemistry, physiology and
molecular genetics. American Society for Microbiology:
Washington D.C.). The major metabolic functions of the end
products are indicated in parentheses. B. methanolicus genes
sequenced and presented in this work are underlined;

FIG. 2 shows the genetic organization of the partial dap
operon and ycIM of B. methanolicus MGA3 compared to the
corresponding genes of B. subtilis;

FIG. 3 shows specific AK activity of crude extracts of
shakeflask cultures of B. methanolicus MGA3 and recombi-
nant strains overexpressing dapG, lysC and ycIM. All specific
enzyme activities are measured in vitro and are relative to that
of'the control-strain MGA3(pHP13) (defined as 1). The mea-
sured specific AK activity of MGA3(pHP13) was 0.05 U/mg
protein; and

FIG. 4 shows growth and L-lysine production in fermen-
tation trials of: A, wild type MGA3 and the control strain
MGA3(pHP13); B, recombinant MGA3-strains overexpress-
ing dapG, lysC or ycIM Filled symbols, dry cell weight;
Empty symbols, L-lysine production (volume corrected val-
ues). Throughout the fermentations, the methanol level in the
medium was kept at 150 mM by automatic feeding of metha-
nol.

EXAMPLE 1
Materials and Methods

Biological Materials, DNA Manipulations and Growth Con-
ditions

The bacterial strains and plasmids used in this study are
listed in Table 1. Escherichia coli DH5a was used as a stan-
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dard cloning host, and recombinant strains were grown at 37°
C. in liquid or solid Luria-Bertani medium supplemented
with chloramphenicol (15 ug/ml) when appropriate. Recom-
binant £. coli procedures were performed as described else-
where (Sambrook et al., (1989) Molecular cloning: a labora-
tory manual. Cold Spring Harbor Laboratory Press: Cold
Spring Harbor, N.Y.). Transformation of B. methanolicus was
performed by electroporation as previously described (Jakob-
sen et al., (2006) supra).

For shakeflask cultures, B. methanolicus strains were
grown at 50° C. in 100 ml MeOH,, medium containing 200
mM methanol (Jakobsen et al., (2006) supra), and bacterial
growth was monitored by measuring the optical density at
600 nm (ODy,).

Fermentations were performed in Applikon 3 1 fermentors
with an initial volume 0f 0.9 1. The medium, defined as UMN1
medium, contained K,HPO,, 4.09 g/l; NaH,PO,, 1.30 g/1;
(NH,),S0,, 2.11 g/1; Yeast Extract (Difco), 0.25 g/1; d-Biotin,
6 mg/l; Vitamin B12,0.01 mg/l; MgSO,,, 1 mM; Concentrated
Metals Solution (Lee et al. 1996), 1 ml/l; Methanol, 150 mM.
Chloramphenicol (5 pg/ml) was added when appropriate.
Shakeflask cultures in MeOH,,, medium were used as inocu-
lum and harvested at ODyy,=1.1-1.3. The fermentors were
inoculated with a culture volume equal to 75 ml divided by the
ODj( of the inoculum at time of harvest (1.1-1.3). Fermen-
tations were run at 50° C. with initial agitation of 400 rpm and
aeration of 0.5 VVM. The aeration was stepwise increased up
to 1.0 VVM and the air was stepwise enriched up to 60% O,
as oxygen demand increased. At all times, the dissolved oxy-
gen was maintained at 30% saturation by automatic adjust-
ment of the agitation speed up to 2,000 rpm. pH was main-
tained at 6.5 by automatic addition of 12.5% (w/v) NH;
(typically 200-250 ml). Antifoam (Sigma Antifoam 204) was
added to an initial concentration of 0.005% (v/v), and added
on demand throughout the fermentation (typically 3 ml). The
methanol concentration in the fermentor was monitored by
online analysis of the head space gas by a mass spectrometer
(Balzers Omnistar GSD 300 02). The head space gas was
carried from the fermentor to the mass spectrometer in insu-
lated stainless steel tubing heated to 60° C., with a flow rate of
about 30 ml/min. The methanol concentration in the medium
was maintained at 150 mM by automatic addition of MeOH
Feed. Solution on methanol demand. MeOH Feed Solution
contains 50 ml CKNFD Trace Metals per liter methanol.
CKNFD Trace Metals contains MgCl,, 344 mM; FeCl,, 78.5
mM; MnCl,, 50.5 mM; CuCl,, 1.53 mM; CoCl,, 1.60 mM;
Na2MoO,, 1.57 mM; ZnCl,, 3.23 mM; HCI, 100 ml/l. Dry
cell weight was calculated based on a conversion factor of
0.31 g/l dry cell weight per OD, (calculated as an average
value based on measurements of OD,, and dry cell weight of
the reported fermentation trials). Specific growth rate was
calculated by linear regression of semilogarithmic plots of
biomass concentration vs. time based on data-points from the
period of exponential growth (biomass concentration less
than 15 g/1). The fermentations were run until the CO, content
of the exhausted gas was close to zero (no cell respiration).

Due to significant increase of culture volume throughout
the fermentation, all biomass and amino acid concentrations
have been corrected for volume increase and subsequent dilu-
tion by multiplying measured concentration with the culture
volume at sampling divided by the original culture volume.
The correction factors used for end-point samples are
between 1.5 and 1.7, and actual concentrations of amino acids
and biomass measured in the bioreactors are therefore
accordingly lower.
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TABLE 1

Bacterial strains and plasmids

Strain or plasmid  Description® Reference

B. methanolicus

MGA3 Wild-type strain Schendel et al. 1990
E. coli
DH5a General cloning host Bethesda Research
Laboratories
Plasmids
pTB1.9mdhL E. coli - B. methanolicus Brautaset et al. 2004
shuttle vector pTB1.9 carrying
the mdh gene; Amp” Neo”
pHP13 E. coli - B. methanolicus shuttle Haima et al. 1987,

Jakobsen et al. 2006
This study

vector; Clm”™

pHP13 carrying the dapG
coding region under
control of mdh promoter
pHP13 carrying the lysC
coding region under
control of mdh promoter
pHP13 carrying the ycIM
coding region under
control of mdh promoter

pHP13mp-dapG
pHP13mp-lysC This study

pHP13mp-yclM This study

“Amp’, ampicillinresistance; Neo”, neomycin resistance; Clm’, chloramphenicol resistance.

Measurement of Amino-Acids and Ammonia

Amino-acids were quantified according to Skjerdal et al.,
1996 (Appl. Micro. Biotechnol., 44(5): 635-642), using a
buffer containing 0.02 M Na-acetate and 2% tetrahydrofuran,
pH 5.9. Estimation of intracellular amino-acid concentration
was performed as previously described (Brautaset et al.,
(2003) Appl. Environ. Microbiol., 69(7): 3986-3995), based
on determination of the amino-acid content in a briefly
washed and lysed cell culture, theoretical estimation of the
intracellular volume, and an experimentally determined con-
version factor of 2.2x10® cells/ml per OD,,. Ammonia was
measured with Spectroquant Ammonium-Test Kit (Merck),
according to the manufacturer’s instructions (the samples
were diluted 1:1 000 and 1:10 000 before analysis).
PCR-Assisted Cloning of B. methanolicus asd, dapG, dapA
and lysC Genes

The putative AKI and AKIII encoding genes were PCR
amplified from B. methanolicus MGA3 total DNA by using
degenerated primers based on DNA sequences of yclM,
mlpA, asd, dapG, and ymfA of B. licheniformis, B. halodu-
rans, B. cereus, Listeria innocua, L. monocytogenes and B.
subtilis  (GenBank accession numbers AEO017333,
BA000004, NC_004722, AL592022, AL591824 and
ALO009126, respectively). DNA fragments of MGA3 cover-
ing asd, dapG and dapA were PCR amplified as overlapping
fragments by using primer pairs (Table 2) mlpA-PPS-1F
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together with asd-PPS-1R (yielding a 3.9 kb fragment) and
asd-PPS-1F together with ymfA-PPS-1R (yielding a 3.3 kb
fragment). These fragments were sequenced by primer walk-
ing.

A central region of ycIM was PCR amplified and partly
sequenced by using degenerated primers based on conserved
regions within ycIM. Total DNA of MGA3 was digested with
EcoRI, followed by heat inactivation of the restriction
enzyme. The material was diluted and ligated for 72 hours at
4° C. Primers ycIM-PPS-1F and ycIM-PPS-1R, both pointing
outwards from the previously PCR amplified ycIM region
were used to PCR amplify a 3 kb DNA fragment using the
ligation mixture as template. This DNA fragment was
sequenced by primer walking.

Construction of Vectors

DNA fragment A including the methanol dehydrogenase
(mdh) coding region was PCR amplified from pTB1.9mdhL
by using primers mdh-CDS-F1 and pTB1.9-R1. The putative
mdh promoter region was PCR amplified from the same
template by using primers mdh-prom-F1 and mdh-prom-R1,
yielding DNA fragment B. pTB1.9mdhl was digested with
Pstl and BamHI and the vector backbone fragment was
ligated with BamHI/Pcil-digested DNA fragment B and Pcil/
Pstl-digested DNA fragment A. Two Pcil sites were removed
from the resulting vector by PCR amplification of the vector
as two fragments: Fragment 1 using primers mp-mdh-P2-F1
and mp-mdh-P2-R2, and Fragment 2 using primers mp-mdh-
P2-F2 and mp-mdh-P2-R1. The two fragments were end
digested with Sphl and Kpnl and ligated to yield pTB1.9mp-
mdh, which carries a Pcil-site between the mdh upstream and
coding regions for simplified fusion of coding regions to the
mdh promoter. Insertion of the Pcil site changed the four
nucleotides upstream the mdh start codon from the original
AAGA to CAM.

The coding regions of dapG, lysC and ycIM were PCR
amplified from B. methanolicus MGA3 total DNA by using
primers dapG-CDS-F1 and dapG-CDS-R1, lysC-CDS-F1
and lysC-CDS-R1, ycIM-CDS-F1 and ycIM-CDS-R1,
respectively. The resulting PCR fragments which all carried a
Pcil site partly overlapping a GTG start codon were end-
digested with Pcil and Kpnl and used to replace the mdh
coding region of pTB1.9mp-mdh, vyielding vectors
pIB1.9mp-dapG, pTB1.9mp-lysC and pTB1.9mp-yclM,
respectively. In this process, the original ATG start codons of
dapG and ycIM were changed to GTG. A Pstl/EcoRI frag-
ment of pTB1.9mp-lysC including mdh promoter and lysC
coding region was inserted into the corresponding sites of
pHP13, yielding pHP13mp-lysC (7.3 kb). lysC coding region
of pHP13mp-lysC was exchanged with dapG and yclM cod-
ing regions by inserting a Pstl/Kpnl fragment of pTB1.9mp-
dapG and a Spel/Kpnl fragment of pTB1.9mp-ycIM into the
corresponding sites of pHP13mp-lysC, yielding pHP13mp-
dapG (7.1 kb) and pHP13mp-ycIM (7.2 kb), respectively.

TABLE 2

PCR primers used in this stud

Primer Sequence (5'-3')7

mMmIpA-PPS-1F TCTACCTTCGTTGAGGAAGA (SEQ ID NO: 10)
asd-PPS-1R CACTCCTGAACGGTTAATCC (SEQ ID NO: 11)
asd-PPS-1F TGAGCAGACAAGAGCGATTA (SEQ ID NO: 12)
ymfA-PPS-1R ATAGATCGCTCCGATATGGT (SEQ ID NO: 13)
ycIM-PPS-1F CCTGTGATCGGAATTGCAAGTGATAAAGGATTCTG (SEQ ID NO: 14)
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TABLE 2-continued

22

PCR primerg used in this stud

Primer Sequence (5'-3')¢

ycIM-PPS-1R ATCTTCGTTCCAGGAGCCGATGGATTATTGGTGTT (SEQ ID NO: 15)
mdh-CDS-F1 TCGACATGTGACAACAAACTTTTTC (SEQ ID NO: 16)
PpPTB1.9-R1 ACGCATACCATTTTGAACGATGACC (SEQ ID NO: 17)
mdh-prom-F1 GCCGGATCCTGCAGTTCATTAAAGAGCAGC (SEQ ID NO: 18)
mdh-prom-R1 CGCGACATGTACTACCTCCTATTTATG (SEQ ID NO: 19)
mp-mdh-P2- CGCGGCATGCGTTTCAATGAAGATCC (SEQ ID NO: 20)
F1

mp-mdh-P2- TTAAGCATGCAAAAGGCCAGGAACCG (SEQ ID NO: 21)
R1

mp-mdh-P2- TTTTGGTACCCGCCATAGGTCTAGAG (SEQ ID NO: 22)
F2

mp-mdh-P2- GGGCGGTACCTTATTCTTTAGTCTATC (SEQ ID NO: 23)
R2

lysC-CDS_F1 CCGAACATGTGGGATTAATTGTCC (SEQ ID NO: 24)
lysC-CDS_R1 TTCCGGTACCCAGCAAATTGAACAGC (SEQ ID NO: 25)
dapG-CDS-F1 GCGCACATGTGAAAATTATCGTTCAAAAATTCGG (SEQ ID NO: 26)
dapG-CDS-R1 GCTAGGTACCGCTCCTCCTCATTCTATC (SEQ ID NO: 27)
ycIM-CDS-F1 GCGCACATGTGAAAGTAGCGAAGTTTGGAGGTTCTTC (SEQ ID NO: 28)
ycIM-CDS-R1 GCTAGGTACCAGTGTTTCACACCCAAATTCG (SEQ ID NO: 29)

“The underlined nucleotides are restriction sites used for simplified cloning of

PCR products.

Preparations of Crude Cell Extracts and AK Assay

Crude cell extracts were prepared based on the protocol
described by Brautaset et al., 2004 (supra). B. methanollcus
cells were grown in MeOH,,,, medium to exponential phase
(ODgpp=1.9-2.1) and 20 ml cell culture was harvested by
centrifugation (3,200xg, 10 min, 10° C.). The supernatant
was discarded and the cells were resuspended in 20 ml High
Salt Bufter (the salt buffer of MeOH,,, medium at IX con-
centration, pH 7.2). 3 ml of the resuspended culture was
centrifuged (3,200xg, 10 min, 10° C.), the supernatant was
discarded and the pellet was frozen and stored at -20° C. The
cells were thawed on ice, resuspended in 3 m1 AK assay buffer
(50 mM potassium phosphate, 10 mM MgSO,, pH 7.5) and
sonicated for 3 min (Branson Sonifier 250, output control 3,
30% duty cycle). Cell debris was removed by centrifugation
(3,200xg, 20 min, 4° C.), and the supernatant was collected as
crude cell extract and stored on ice for subsequent enzyme
activity and total cell protein analysis. AK activity was deter-
mined by formation of aspartyl hydroxamate from hydroxy-
lamine (Black et al., (1955) supra). The reaction mixture
contained 400 ul Reaction buffer (0.5M Tris-HCI, 2M KCl,
pH 8.0), 200 ul hydroxylamine solution (2M hydroxylamine,
pH 8.0), 100 ul AAM solution (0.1M L-aspartic acid, 0.1M
ATP, 0.1M MgCl,, 0.2M Tris-HC], pH 8.0) and 300 ul sample
diluted in AK assay buffer. The reaction mixture was incu-
bated at 50° C. for 20 min before the reaction was terminated
by addition of 1 ml Fe solution (10% (w/v) FeCl;, 3% (v/v)
trichloracetic acid in 0.7M HCI, sterile-filtered before use).
Formation of aspartyl hydroxamate was immediately mea-
sured at 540 nm using a spectrophotometer (Shimadzu, UV
1700). Assays in which the sample was replaced with stan-
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dards of aspartyl hydroxamate were performed to correlate
absorbance to aspartyl hydroxamate concentration. One unit
of AK activity was defined as the amount of enzyme needed
to produce 1 pmole aspartyl hydroxamate per minute under
the above conditions (Black et al., (1955) supra). Protein
concentrations were determined by the method of Bradford
(Bio-Rad), using bovine serum albumin as a standard. AK
assays were done in triplicates and four parallels were per-
formed for each protein concentration measurement. The
uncertainty of specific AK activity was calculated using the
General Formula for Error Propagation (Taylor (1997) An
introduction to error analysis: the study of uncertainties in
physical measurements. University Science Books Sausalito,
Calif. Section 3.11) based on average values and standard
deviations of measured AK activities and protein concentra-
tions.
Results
ycIM Encodes a Putative AKIII in B. methanolicus

Based on amino acid sequence alignments a set of degen-
erate primers were designed (see MATERIALS AND
METHODS) and used to PCR amplify a 2 kb DNA fragment
using MGA3 total DNA as a template. A putative yclM gene
was successfully PCR amplified from MGA3 total-DNA
using this strategy. A 2012 bp DNA fragment was sequenced
and was found to contain the expected coding region and 605
bp of upstream sequence (FIG. 2). The deduced primary
sequence (455 amino acids) of the ycIM gene product exhibits
the overall highest identity at the amino acid level to B.
licheniformis AKIII (74%) and is 71% identical to AKIII B.
subtilis str. 168, for which AK activity was experimentally
verified (Kobashi etal., (2001) Biosci. Biotechnol. Biochem.,
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65(6): 1391-1394). It has low primary sequence identity to
both AKI and AKII of B. subtilis (23% and 25%, respec-
tively). Together, these data suggests that the B. methanolicus
ycIM gene encodes a putative AKIII isozyme.
asd, dapG and dapA Encoding Putative Aspartate Semialde-
hyde Dehydrogenase, AKI and Dihydrodipicolinate Syn-
thase, Respectively, are Organized in a Putative dap Operon
in B. methanolicus

In B. subtilis, asd, dapG and dapA are located within the
dap operon (Chen et al., (1993) J. Biol. Chem., 268(13):
9448-9465). By aligning known sequences of several related
species (see MATERIALS AND METHODS), we noted a
conserved organization of genes upstream of, inside and
downstream of the dap operon, and we hypothesized that this
genetic organization was similar in B. methanolicus as in the
examined related species. By using degenerated primers
based on conserved regions within mlpA, asd, dapG and
ymfA (FIG. 2), we PCR amplified overlapping DNA frag-
ments covering a partial, putative MGA3 dap operon. Totally,
a DNA region of 4465 bp was sequenced comprising the
putative genes asd, dapG and dapA, in addition to parts of the
upstream putative spo VFB and downstream putative ymfA
(FIG. 2). The deduced gene products of asd, dapG and dapA
(351, 413 and 290 amino acids, respectively) display the
highest primary sequence identities to aspartate semialde-
hyde dehydrogenase, AKI and dihydrodipicolinate synthase
of Bacillus sp. NRRL B-14911 (76, 85 and 79%, respec-
tively). The deduced dapG gene product is 68% identical to
the AKI of B. subtilis str. 168, for which AK activity was
experimentally verified (Chen et al., (1993) supra), while the
primary sequence identity to AKII and AKIII of B. subtilis is
low (38% and 24%, respectively). This suggests that the B.
methanolicus dapG gene encodes a putative AKI isozyme.

The organization of asd, dapG and dapA with equal orien-
tation and short intergenic regions (31 and 14 nucleotides,
respectively) is similar to that of B. subtilis (FIG. 2), where
these three genes are transcribed as one unit during vegetative
growth (Chen et al.,, (1993) supra). The short intergenic
regions of the putative MGA3 dap operon, do not allow obvi-
ous mRNA secondary structure formation. This seems to be
in contrast to two potential secondary structures of the 91
nucleotide long asd-dapG intergenic transcript of B. subtilis.
These secondary structures have been suggested to differ in
the availability of the dapG ribosome binding site for inter-
action with 16S ribosomal RNA, and represent a possible
mechanism to down-regulate dapG-dapA expression relative
to asd (Chen et al., (1993) supra).
Construction of a Cassette Cloning and Expression System
for B. methanolicus

We constructed a cassette expression system as a tool for
simplified gene overexpression in B. methanolicus based on
mdh and the E. coli-B. methanolicus shuttle vector pHP13
(Brautaset et al., (2004) supra; Jakobsen et al., (2006) supra).
By introducing a unique restriction site partly overlapping the
mdh start codon and unique restriction sites downstream the
coding region, this cassette system offers a simple cloning
strategy for the in-frame fusion of any coding region to the
mdh promoter region and ribosome binding site.
Recombinant Expression of dapG and Yclm Confirms that
they Encode AK Activity

For overexpression of AK genes in B. methanolicus, we
established the expression vectors pHP13mp-dapG,
pHP13mp-lysC and pHP13mp-yclM, in which the genes
dapG, lysC and ycIM are under control of the mdh promoter
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and ribosome binding site. Thus, in these constructions, the
AK-encoding genes are released from any original transcrip-
tion regulation by products of the aspartate pathway. These
expression vectors were introduced into the wild type MGA3,
and we established MGA3(pHP13) as a control strain. We
compared AK activity in crude extracts prepared from MGA3
and the recombinant strains grown in shakeflasks in defined
methanol medium. The results (FIG. 3) show that crude
extracts of the recombinant strains overexpressing putative
AKI and AKIII (encoded by dapG and yclM, respectively)
and AKII (encoded by lysC) exhibit four to forty-fold higher
specific AK activities in vitro than that of the control strain.
These results confirm the deduced biochemical function of
dapG and ycIM gene products. As expected, the wild type
strain MGA3 and the control strain MGA3(pHP13) express
similar AK activities. Interestingly, lysC overexpression gave
10-fold higher in vitro AK activity compared to dapG and
ycIM. Whether this is due to a higher expression level or
different biochemical properties of the AK proteins measured
in vitro is unknown. For all samples, a similar in vitro specific
activity could be measured at different dilutions of the crude
extract (data not shown), indicating that feedback regulation
did not affect the results of the enzyme assay.
Overexpression of dapG, lysC and yclm Leads to Increased
L-Lysine Production in B. methanolicus MGA3

In order to evaluate the effect of increased expression of
dapG, lysC and ycIM on L-lysine production in wild type B.
methanolicus, we ran high cell density fed batch fermentation
trials in defined methanol medium with the established
recombinant strains. Amino acid production (defined as
amount of amino acid secreted to the growth medium) was
monitored throughout the fermentations. To compare differ-
ent bioreactor trials, all biomass concentrations and amino
acid production reported herein have been corrected for dilu-
tion caused by feeding throughout the fermentation (see
MATERIALS AND METHODS).

Under the conditions tested, the wild type MGAS3 reached
a maximum biomass concentration of 58 g/l in 23 hours with
an initial specific growth rate of 0.49 h™'. The final L-lysine
production of MGA3 was 0.18 g/, in agreement with previ-
ous results (Schendel et, al., (1990) supra; Brautaset et al.,
(2003) supra). The control strain MGA3(pHP13) was similar
to the wild type in respect to both specific growth rate, maxi-
mum cell density and L-lysine production, indicating that
pHP13 cause no effects on these properties (FIG. 4 and Table
3). Interestingly, all the recombinant strains overexpressing
either dapG, lysC or ycIM produced more L-lysine than the
control strain, and retained a similar specific growth rate
(Table 3). The most dramatic effect on L-lysine production
was observed with strain MGA3(pHP13mp-ycIM), which
produced over 60-fold more L-lysine (11 g/1) than the control
strain (FIG. 4 and Table 3). The recombinant strains overex-
pressing dapG and lysC displayed a 2-fold and 10-fold
increase in L-lysine production, respectively. All strains were
similar with respect to L-glutamate production (48-52 g/1),
and the production of the other end products of the aspartate
pathway, L-methionine (<0.5 g/1) and L-threonine (<0.1 g/1)
remained low. To verify reproducibility of the fermentation
trials, MGA3(pHP13) and MGA3(pHP13mp-ycIM) were run
twice in independent fermentation trials. Optical density and
amino acid concentration varied less than 10% between the
parallel fermentation trials at any sampling point, and calcu-
lated specific growth rate did not vary more than +/—0.02 h™*.
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TABLE 3

Initial specific growth rate, maximum dry cell weight and
final L-lysine production of B. methanolicus wild type MGA3 and
recombinant strains overexpressing dapG, lysC and ycIM.

L-lysine in

Specific Drycell  L-lysine growth

growth weight  production medium
Strain rate [h™1] [g/]* [g/* [g/1?
MGA3 0.49 58 0.18 0.12
MGA3(pHP13) 0.49 56 0.18 0.12
MGA3(pHP13mp-dapG) 0.50 62 0.38 0.23
MGA3(pHP13mp-lysC) 0.46 61 1.8 1.1
MGA3(pHP13mp-ycIM) 0.50 54 11 7.0

1Reported biomass and L-lysine production are corrected for dilution caused by feeding
throughout the fermentation in order to compare results from different bioreactor trials (see
Materials and Methods).

L-lysine concentration measured in growth medium (no volume correction).

EXAMPLES 2 AND 3
Materials and Methods

Additional information not already described in the Materials
and Methods of Example 1.

DNA Manipulations and Growth Conditions

General cloning, PCR, DNA sequencing and fermentations
were performed as already described in Example 1. B. metha-
nolicus growth on mannitol was done used by using Mann,,
medium which is equal to 2x Mann, , as described in Jakob-
sen et al., (2006) J Bacteriol., 188(8): 3063-3072.
Measurement of [.-Lysine

Measurements of L-lysine were performed by using HPL.C as
described in Example 1.

Real-Time PCR

B. methanolicus cultures were grown to late logarithmic
phase (ODg,,=3), before harvesting. Cell lysis including
RNA protection, isolation of total RNA, and concomitant
c¢DNA synthesis was performed as described elsewhere (Ja-
kobsen et al., 2006, supra). Total RNA concentrations were
quantified using a NanoDrop® ND-1000 Spectrophotometer
(NanoDrop Technologies). Primers for the real-time PCR
experiments we designed by using the computer software
Primer ExpressR v 2.0 (Applied Biosystems). Detection of
PCR products was performed with the ABI 7500 System
(Applied Biosystems) under the following profiles. For the
primer efficiency test, reaction mixtures were incubated at
95¢° C. for 10 min to activate hot-start Taq polymerase fol-
lowed by a two-step PCR protocol (denaturation for 15 sek at
95° C. followed by a combined annealing—extension step
(with fluorescent data acquisition) for 1 min at 60° C.). This
step was repeated in 40 cycles. The determination of the
dissociation temperature was performed by a subsequent
cycle with 15 sek at 95° C., 1 min at 60° C. and a final step at
95° C. for 15 sek. For the real-time quantitative PCR com-
parative studies, the profile was reduced to the steps used for
the primer efficiency test. Data acquisition and analysis were
performed with the Sequence Detection software version
v1.2.3 (Applied Biosystems Inc.) under standardized reaction
with SYBR signal.

Construction of Expression Vectors

pTH1mp-lysC:

Plasmid pHP13 (Jakobsen et al., 2006, supra) was digested
with Pcil, and the resulting cohesive ends were blunted by
using T4 DNA Polymerase, and the ends religated to yield
plasmid pTH1. Plasmid pHP13mp-lysC (Example 1) was
digested with Pstl/EcoRI and the 2.6 kb fragment was iso-
lated and ligated into the corresponding sites of pTH1, yield-
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ing the cassette cloning an expression vector pTH1mp-lysC.
This vector is analogous to the plasmid HP13mp-lysC and has
a unique Pcil site for one-step cloning of any coding gene
downstream of the strong mdh promoter and in-frame with
the mdh rbs region.

PTH1mp-asd, pTH1mp-dapA, and pTH1mp-lysA

DNA fragments with the coding regions of asd (1117 bp),
dapA (904 bp), and lysA (1322 bp) were PCR amplified from
B. methanolicus total DNA by using the following primer
pairs:

asd-F:

(SEQ ID NO: 30)
5 ' -GCGCACATGTGGGTCAAGAARATGGTCTTC -3
asd-R:

(SEQ ID NO: 31)
5'-ATGGETACCTGCCCCCGAATTTTTGAAC-3!
dapA-F:

(SEQ ID NO: 32)
5 ' -GCGCACATGTGGTTTCATTTGGTCGAATATC-3 !
dapA-R:

(SEQ ID NO: 33)
5' - ATGGTACCGGCAGTARAAACTCCATTGAT-3"
lysA-F:

(SEQ ID NO: 34)
5'-GCGCACATGTGTATTTTCATGGCACAACA-3"
lysA-R:

(SEQ ID NO: 35)

5'-ATGGTACCGCAGCTTAGTATCTTACTCT-3"

Pcil and Kpnl restriction sites are underlined in the forward
and reverse primers, respectively. The obtained PCR products
were end digested with Pcil/Kpnl and ligated into the corre-
sponding sites of pTH1mp-lysC (substituting the lysC gene),
yielding expression vectors pTHlmp-asd, pTH1lmp-dapA,
and pTH1mp-lysA, respectively. The inserts in all plasmids
were verified by DNA sequencing.

pHP13mp-ycIM+1 ysA

Plasmid pTH1mp-lysA was digested with Spel/Ncol and the
1.8 kb fragment was ligated into vector pHP13mp-ycIM
digested with Xbal/Ncol, yielding plasmid pHP13mp-ycIM+
lysA.

pTH1Imp-dapA+yclM

Plasmid pHP13mp-ycIM was digested with Spel/Ncol and
the 1.9 kb fragment was purified and ligated into pTH1mp-
dapA XbaUNcol sites, yielding expression vector pTHmp-
dapA+yclM.

The vectors were transformed to B. methanolicus strain
MGA3 by electroporation.

EXAMPLE 2

Overexpression of Additional B. methanolicus Genes
by Using pHP13 and the mdh Promoter and the
Effects on L-Lysine Production

Overexpression of the three different AK encoding genes
(dapG, lysC, and ycIM) and the effects on L-lysine produc-
tion in MGA3 (wild-type B. methanolicus) tested in fermen-
tors, is described in Example 1. In a further study additional
genes of the L-lysine biosynthetic pathway have been over-
expressed using the same expression system (i.e. pHP13 with
the mdh promoter) in shake flasks (Table 5). Based on the
overall results obtained for single genes, we have constructed
vectors with coupled overexpression of two or more genes



US 8,859,244 B2

27

using the same expression system, and demonstrated additive
effects on L-lysine production levels in MGA?3 (see Table 5).

28

by combining AKIII overexpression with overexpression of
other genes of the lysine biosynthetic pathway such as dapA
(encoding dihydropicolinate synthase) and lysA (encoding

TABLE 4 meso-dimainopimelate decarboxylase).
5
L-lysine production yields (mg/l) obtained in shake flask cultures of EXAMPLE 3
recombinant B. methanolicus strain MGA3 growing on methanol.
Vector promoter L-lysine yield (mg/l) L-Lysine Production on Sugar-Based Growth Media
PpHPI13 No 6 10 We have tested recombinant strains described in Example 3
pHP13mp-dapG mdhP 7 for L-lvsi ducti th i itol di
PHP13mp-lysC mdhp 55 or L-lysine production upon growth in mannitol medium,
pHP13mp-ycIM mdhp 110 e.g. strain MGA3 (pTH1mp-lysA) overexpressing lysA, and
pTH1mp-dapA mdhP 7 the results clearly show that the production levels are similar
P%g}mp‘?SdA mgg 153 or even higher under these conditions compared to the analo-
pTHImp-lys m . . .
PTHImp-dapA + yeIM mdhP 50 15 gous da.ta. obtained in methanol medium (see Table 5). The
pTHImp-yeIM + lysA mdhp 220 composition of the mannitol and the methanol media are
pTHImp-ycIM + lysA + dapA mdhP 310 identical, besides of the C-source.
Comments to Table 4: TABLE 5
; ; 20
All expressgd genes .are d.escrlbed. in FIG. 1 and vector L-lysine production yields in shake flask cultures of recombinant
constructions are given in Materials and Methods B. methanolicus strains, upon growth in methanol versus mannitol medium
For all recombinant genes transcription is driven by the
mdh promoter (mdhP) L-lysine yield (me/l)
All recomblpant genes are under translational control of 5 Overexpressed gene Methanol (MeOH,op) ~ Mannitol (Mann,g)
the mdh ribosome binding site
Production yields in shake flasks are much lower compared MGA3 (pHPL3) 1 6 9
to when strains are tested in fermentors; however, the MGA3 (pTHImp-lysA) 150 400
relative effects are comparable.
These data show, as in Example 1, that overexpression of Comments to the Growth Media Used:
yeIM results in much higher L-lysine production than seen 3° MeOH,,,: As described in Jakobsen et al., 2006 (supra)
with AKI (dapG) and AKII (lysC) genes. It is further shown Mann,,: Equal to 2x Mann, , as described in Jakobsen et al.,
that an improved effect on lysine production may be obtained 2006 (supra).
SEQUENCE LISTING
<160> NUMBER OF SEQ ID NOS: 35
<210> SEQ ID NO 1
<211> LENGTH: 1242
<212> TYPE: DNA
<213> ORGANISM: Bacillus methanolicus
<400> SEQUENCE: 1
atgaaaatta tcgttcaaaa attcgggggce acttcggtece gtgacgatat tageegateg 60
aatgcaaaaa ggcatataga aaaagctcta gecgaagget acaaggttgt agttgttgta 120
tcagegatgg gacgaagcegg tgaaccgtat gcaaccgata ccctcettate gectaattgga 180
ggcaatgega cgaaggtaag taaacgggag caagatttge ttetttettyg cggagaaate 240
atctcaagca ttgtttttac aaacatgctt attgagcatg gcattcgege tgttgcttta 300
accggtgece aagegggttt teggacaaac aacgatcata cgaatgcaaa aattattgaa 360
atgaaatgcg acaggetttt aagggaattyg gaacaaaacyg aagttgtagt tgtagecggt 420
ttccaaggty ctgcaaagaa tggcgatata acgaccattyg gacgtggtgg cagegataca 480
tcageegetyg ctttaggtge agcgcttaat getgaatgga ttgacatcett tactgatgtt 540
gagggaataa tgacagctga ccctcgaatt gttgagaatyg cgegtecttt ateggtagte 600
acttacacgg aagtgtgcaa tatggcctat cagggtgcaa aggttataca ccctegggece 660
gtagaaatag caatgcaggc aaaaattccg atcaggattce gatcaactta tteggacage 720
cceggeaccet tagttaccte actcagcaaa aatagtcgag gaagcgatat tcgagaacgg 780
ccggtaactyg gaattgecca cgttccaaat gttacccaga ttaaagtttt cgctaaaaaa 840
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gatcagtata

gatttgataa

caagccatte

aaggtatccg

acagctctgt

tgggttttag

cagcttgaga

<210>
<211>
<212>
<213>

<400>

atttacaagc
atatatcgec
gaattttgac
ttgtcggtge
cagaaaaagg
ttaaacaaga

aagaaacgct

SEQ ID NO 2
LENGTH: 413
TYPE :
ORGANISM:

PRT

SEQUENCE: 2

tgaagtattt

aaatggggtc

cgatatggga

aggtatggcet

aattcgtatt

ggatttagta

ggagtttgaa

Met Lys Ile Ile Val Gln Lys Phe

1

Ile

Gly

Pro

Lys

65

Ile

Ala

Glu

Ala

145

Ser

Phe

Asn

Ala

Met

225

Pro

Ile

Gln

Val

Ser

Tyr

Tyr

50

Val

Ser

Val

Thr

Leu

130

Lys

Ala

Thr

Ala

Tyr

210

Gln

Gly

Arg

Ile

Phe
290

Arg

Lys

35

Ala

Ser

Ser

Ala

Asn

115

Glu

Asn

Ala

Asp

Arg

195

Gln

Ala

Thr

Glu

Lys

275

Lys

Ser Asn Ala Lys Arg

20

Val vVal Val Val Val

40

Thr Asp Thr Leu Leu

55

Lys Arg Glu Gln Asp

70

Ile Val Phe Thr Asn

85

Leu Thr Gly Ala Gln

100

Ala Lys Ile Ile Glu

120

Gln Asn Glu Val Val

135

Gly Asp Ile Thr Thr
150

Ala Leu Gly Ala Ala

165

Val Glu Gly Ile Met

180

Pro Leu Ser Val Val

200

Gly Ala Lys Val Ile

215

Lys Ile Pro Ile Arg
230

Leu Val Thr Ser Leu

245

Arg Pro Val Thr Gly

260

Val Phe Ala Lys Lys

280

Ala Met Ala Asn Glu

295

aaagcaatgg
gtttatacgg
catgagcegyg
ggagtcccag
ttacaatctg
aatgcagtca

cggatagaat

Bacillus methanolicus

Gly Gly Thr
10

His Ile Glu
25

Ser Ala Met

Ser Leu Ile

Leu Leu Leu

75

Met Leu Ile
90

Ala Gly Phe
105

Met Lys Cys

Val Val Ala

Ile Gly Arg

155

Leu Asn Ala
170

Thr Ala Asp
185

Thr Tyr Thr

His Pro Arg

Ile Arg Ser
235

Ser Lys Asn
250

Ile Ala His
265

Asp Gln Tyr

Lys Ile Ser

caaacgaaaa aatcagtgtt

tgatgaatga

ttgttgaacy

gegtegeate

ctgacagceca

aagcattgca

ga

Ser

Lys

Gly

Gly

60

Ser

Glu

Arg

Asp

Gly

140

Gly

Glu

Pro

Glu

Ala

220

Thr

Ser

Val

Asn

Val
300

Val

Ala

Arg

45

Gly

Cys

His

Thr

Arg

125

Phe

Gly

Trp

Arg

Val

205

Val

Tyr

Arg

Pro

Leu
285

Asp

Arg

Leu

30

Ser

Asn

Gly

Gly

Asn

110

Leu

Gln

Ser

Ile

Ile

190

Cys

Glu

Ser

Gly

Asn

270

Gln

Leu

aatggcagac
ggattgtgca
aaaaattgta
cacgaccatce

tgacgcattce

Asp Asp

15

Ala Glu

Gly Glu

Ala Thr

Glu Ile

Ile Arg

95

Asn Asp

Leu Arg

Gly Ala

Asp Thr

160

Asp Ile
175

Val Glu

Asn Met

Ile Ala

Asp Ser
240

Ser Asp
255
Val Thr

Ala Glu

Ile Asn

900

960

1020

1080

1140

1200

1242
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32

-continued
Ile Ser Pro Asn Gly Val Val Tyr Thr Val Met Asn Glu Met Ala Asp
305 310 315 320
Gln Ala Ile Arg Ile Leu Thr Asp Met Gly His Glu Pro Val Val Glu
325 330 335
Arg Asp Cys Ala Lys Val Ser Val Val Gly Ala Gly Met Ala Gly Val
340 345 350
Pro Gly Val Ala Ser Lys Ile Val Thr Ala Leu Ser Glu Lys Gly Ile
355 360 365
Arg Ile Leu Gln Ser Ala Asp Ser His Thr Thr Ile Trp Val Leu Val
370 375 380
Lys Gln Glu Asp Leu Val Asn Ala Val Lys Ala Leu His Asp Ala Phe
385 390 395 400
Gln Leu Glu Lys Glu Thr Leu Glu Phe Glu Arg Ile Glu
405 410
<210> SEQ ID NO 3
<211> LENGTH: 1368
<212> TYPE: DNA
<213> ORGANISM: Bacillus methanolicus
<400> SEQUENCE: 3
atgaaagtag cgaagtttgg aggttcttca ttagcatcag gagaacaatt tgaaaaggta 60
tttaacattg ttatgtctga tccaaagaga aaaattgttg tagtttcgge accaggcaag 120
cgttttgcga gtgatataaa ggtaaccgat ttactcattg aatgcgccga aaaatgcecta 180
aaaaacgaag cggctgatga tttagtagaa geccgtcatceg aaagatatgce aagtattgca 240
agggaactgg ggctttcaag cagagtttca aatatgattc gaaacgatct tcttacagtg 300
ttaagcggag ataaaagcaa tcctgaacga tttatcgatg ctgttaaage aaccggcgag 360
gacaataatyg caaaacttat ggccgegtac ttccagcata aaggagtaga ggctcgctat 420
gtaaatccga aagatgcggg cctgattgta agcgatgage ctggaaatgc acaagtgcett 480
cctgaatcectt atgaacggcet ttttgagctt cggaatttgce caggaattat tattttccect 540
ggattttteg gctttacaaa aaagggagaa gtggtaactt tttcacgaag cggatctgac 600
ataaccggtt ccattttagc gaatgggacg aaagctgage tttatgaaaa ttttacagac 660
gttgatgcag tttattcagt caatccgaat atcgtggaaa aacctaagga gattcgtgaa 720
ttgacataca gagaaatgcg ggaactctcce tatgectggat tcactgtget tcatgatgaa 780
getettatte ctgettteeg cgccggtatt cctgttaata ttaaaaacac caataatcca 840
teggetectyg gaacgaagat cgttcatgaa cggacaactt cgaatggecce tgtgatcgga 900
attgcaagtg ataaaggatt ctgcagcatt tatgtcagca aatatttaat gaaccgagaa 960
attggattcg gacgaaaaat tttgcagatt ttagaagagt acggattgtc gtatgaacat 1020
attccatcecg gaattgatga catctcgatt attctaagaa aaaatcagtt gaatccagceg 1080
ttggaagaag agattgttac acgcattaaa acggagcttg aggctgatga agtgaaaatt 1140
gaacgtaatc ttgctcttat tatgatcgtg ggtgaaggga tgcgccaaaa tgtggggaca 1200
atggctagag cttcaaaggc gctggccgat gcaggcgtca atattgaaat gatcaaccag 1260
ggatcctcag aagtgagcat gatgttceggt gtgaaagctg aagatgaaca acgtgcggtyg 1320
atagcccecttt acaaagagtt ttttgctcca gttcctgtaa atgtttag 1368

<210> SEQ ID NO 4
<211> LENGTH: 455
<212> TYPE:

PRT
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34

<213> ORGANISM:

<400> SEQUENCE:

Met Lys Val Ala

1

Phe

Val

Thr

Ala

65

Arg

Leu

Asp

Ala

Asp

145

Pro

Ile

Thr

Gly

Tyr

225

Leu

Leu

Asn

Lys

305

Ile

Ser

Arg

Ile

Ala
385

Glu

Val

Asp

Asp

Glu

Leu

Ala

Tyr

130

Ala

Glu

Ile

Phe

Thr

210

Ser

Thr

His

Ile

Glu

290

Gly

Gly

Tyr

Lys

Lys

370

Leu

Lys

Val

35

Leu

Asp

Leu

Thr

Val

115

Phe

Gly

Ser

Phe

Ser

195

Lys

Val

Tyr

Asp

Lys

275

Arg

Phe

Phe

Glu

Asn

355

Thr

Ile

Val

20

Ser

Leu

Leu

Gly

Val

100

Lys

Gln

Leu

Tyr

Pro

180

Arg

Ala

Asn

Arg

Glu

260

Asn

Thr

Cys

Gly

His

340

Gln

Glu

Met

Bacillus methanolicus

4

Lys

Phe

Ala

Ile

Val

Leu

85

Leu

Ala

His

Ile

Glu

165

Gly

Ser

Glu

Pro

Glu

245

Ala

Thr

Thr

Ser

Arg

325

Ile

Leu

Leu

Ile

Phe

Asn

Pro

Glu

Glu

70

Ser

Ser

Thr

Lys

Val

150

Arg

Phe

Gly

Leu

Asn

230

Met

Leu

Asn

Ser

Ile

310

Lys

Pro

Asn

Glu

Val
390

Gly

Ile

Gly

Cys

55

Ala

Ser

Gly

Gly

Gly

135

Ser

Leu

Phe

Ser

Tyr

215

Ile

Arg

Ile

Asn

Asn

295

Tyr

Ile

Ser

Pro

Ala
375

Gly

Gly

Val

Lys

40

Ala

Val

Arg

Asp

Glu

120

Val

Asp

Phe

Gly

Asp

200

Glu

Val

Glu

Pro

Pro

280

Gly

Val

Leu

Gly

Ala

360

Asp

Glu

Ser

Met

25

Arg

Glu

Ile

Val

Lys

105

Asp

Glu

Glu

Glu

Phe

185

Ile

Asn

Glu

Leu

Ala

265

Ser

Pro

Ser

Gln

Ile
345
Leu

Glu

Gly

Ser

10

Ser

Phe

Lys

Glu

Ser

90

Ser

Asn

Ala

Pro

Leu

170

Thr

Thr

Phe

Lys

Ser

250

Phe

Ala

Val

Lys

Ile

330

Asp

Glu

Val

Met

Leu

Asp

Ala

Cys

Arg

75

Asn

Asn

Asn

Arg

Gly

155

Arg

Lys

Gly

Thr

Pro

235

Tyr

Arg

Pro

Ile

Tyr

315

Leu

Asp

Glu

Lys

Arg
395

Ala

Pro

Ser

Leu

60

Tyr

Met

Pro

Ala

Tyr

140

Asn

Asn

Lys

Ser

Asp

220

Lys

Ala

Ala

Gly

Gly

300

Leu

Glu

Ile

Glu

Ile

380

Gln

Ser

Lys

Asp

45

Lys

Ala

Ile

Glu

Lys

125

Val

Ala

Leu

Gly

Ile

205

Val

Glu

Gly

Gly

Thr

285

Ile

Met

Glu

Ser

Ile
365

Glu

Asn

Gly

Arg

30

Ile

Asn

Ser

Arg

Arg

110

Leu

Asn

Gln

Pro

Glu

190

Leu

Asp

Ile

Phe

Ile

270

Lys

Ala

Asn

Tyr

Ile
350
Val

Arg

Val

Glu

15

Lys

Lys

Glu

Ile

Asn

95

Phe

Met

Pro

Val

Gly

175

Val

Ala

Ala

Arg

Thr

255

Pro

Ile

Ser

Arg

Gly

335

Ile

Thr

Asn

Gly

Gln

Ile

Val

Ala

Ala

80

Asp

Ile

Ala

Lys

Leu

160

Ile

Val

Asn

Val

Glu

240

Val

Val

Val

Asp

Glu

320

Leu

Leu

Arg

Leu

Thr
400
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36

Met

Met

Ala

Ala

Ala

Ile

Glu

Pro
450

Arg

Asn

Asp

435

Val

Ala Ser Lys Ala Leu Ala Asp Ala

405

410

Gln Gly Ser Ser Glu Val Ser Met

420

Glu Gln Arg Ala Val

440

Pro Val Asn Val

<210> SEQ ID NO 5
<211> LENGTH: 1365
<212> TYPE: DNA
<213> ORGANISM: Bacillus subtilis

<400> SEQUENCE: 5

ttaagagatc agcacgccceg

tteggettet

gatattcacc

gegecateget

ggcatgcaaa

cceetgeagt

accatgctce

atacttgetg

gtttgtgtta

tttgatctga

tgaaaaaccc

tggattctca

gtacaaatcg

tgagaatgtg

tcegteacgt

geegggttea

gectttataa

gactgcgtca

atctctgatt

cegttecaca

acatgcgatt

aacgactaca

ggcgectgaa

tttacgccaa

tgtgcctetyg

tccectacaa

tcctettega

aaaatgattg

tccaggattt

atataaatgc

tccegettge

acaggaatcc

gegtaggaca

acgaaggacg

gettgtagte

atcacatcge

tccegaagac

tttgtcacaa

cggaagtaag

aggtattgtt

ttttcgataa

acagctteeg

aagagatcag

gettteegty

gcaagtgage

<210> SEQ ID NO 6
<211> LENGTH: 1362
<212> TYPE: DNA
<213> ORGANISM: Bacillus licheniformis

<400> SEQUENCE: 6

455

cgaaaaattc

acatcatgcet

ataatgettt

ccataatcag

tcegtttgat

tcatgtcatce

gaagggctet

tgcaaaaacc

tgacgacgeg

cecgetetgaa

getecegeat

gattgacaga

cgttggcaag

catccttget

gatagaggtt

agaggecgge

cggcgatcag

cgggattget

tgctttgece

ccagttcagyg

tcactttegt

ccggatcetga

tgcctecgaa

425

Ile Ala Leu

ctggtataac

cacttcagaa

ggcggetett

ggcgagatga

gacgctgegt

gattcccgat

geggcecaaaa

ggtgtcgctg

ggtgccetteyg

tgccggaatg

ctctctatat

atacacagcg

aatcgaaccyg

gaatccgaaa

ttgataggat

atcctteggyg

tttggcattyg

tttgtctect

cagctgaage

tgcgectgect

atccteggea

ggtaacgatg

tttaacgacc

Gly Val Asn Ile Glu
415

Met Phe Gly Val Lys
430

Tyr Lys Glu Phe Phe
445

gettgaacgg cttttettte
gacccetgat tgatcattte
geegttgtac cgacattgtg
tgctcgacga tgacttcatce
tcagtggegyg catccatttyg
ggaacatgct catacgtcaa
ccgatttete tgttcatgag
gcaatgcega cgacaggcecce
getgaggggt tgttegtatt
agcgcttcat catgaaacac
gtcagetege tgatttectt
tctacgtetyg taaagtttte
gtaatatcag aaccgctccg
aaaccgggaa aaatgatgag
tcaggaagaa cttgcgegtt
tttacatatt ccgctttgac
ttatcctete cgetggectt
tctaaaagcyg taaacagatc
tcattggcga tgagagcgta
gttgccaaat attgttctge
tagtgtttte ccggagctga
tgaaacacct tgtcaagctg

ttcat

ttaaacgaga acttttgcga aaaactcetg gtataatgeg cggacegett gtttttectg

agcttectta acgccgaaca tcatgetgac ttecgaggag cectggttga tcatttegat

gttgacgceg gcttcagaca atgettttga cgetettgee gtegttecega cgttatggeg

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1365

60

120

180
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catggetteg ccgacgacca tgatcaggge aatattgtgt tcaatcgeta cttcatcage 240
atccaactct teccttgatcc gtttgatcat ccgtttttet getgecttgat ccatttgatt 300
ctgccttaaa atgatcgtaa tatcgtcaat gecggacgga atgtgttcat atgtcagcce 360
ttcatcttca aggatttgca ggacgcggeg gecgaagecg atttectceggt tcatcaaata 420
tttgctgatg taaatgctgc aaaatccget gtegeceggeg atcccgacga caggtceegtt 480
cgtgttgteg cgtgtggcga caactcttgt ccecttcectgeg teccgggttgt ttgtattttt 540
gatctgaacce ggtatgcgeg cccggaaagce agggatcaat gettcatcat gaaagacgga 600
aaagccggca tacgacagct ctctcattte ceggtatgte agetegegga tttetttegg 660
gttggatacyg atcgccgggt tgacagaata aacggcgtca acgtcagtga agttttcata 720
caactcgget ttcaatccat tcgctaaaat ggagcccgta atgtcagage cgctgegcga 780
aaacgtcatc acttctectt cctggetgaa tecgaagaag ccgggaaaga taatgatgece 840
cttttgcetgt ctgagectgaa acagattgtce gtaggacteg ggcagcactt gtgegttgece 900
gggttegete gtcacgaaca gcceggegte ttttggactg acataatgtg cttcaactece 960
acggtgcctg aagtaggccg ctaccagttt ggcattgtta tcecttecgceccge tagetttgat 1020
cgcatcaata aaccgttccg gatttgtttt atcacctteg agcagctgaa gcaggtctgce 1080
ccggatcecgg ttgatcacgt catcggcaag cccgagcetcect agcecgcgatat cggcataccg 1140
tcecgacaate gectcaacca ggccggtcege ttetttegat aataggtact gttgggegca 1200
ttcgattaac aggtcagtta ctttcecgtatce ctegggatge cgttttccgg gtgccgatac 1260
gacgacggcce ctecttteccg gatcggaagt gacgatttga aatactttct ctagectggge 1320
tcetgatgeg agcgagctge ctccaaattt aacgacttte at 1362
<210> SEQ ID NO 7
<211> LENGTH: 1371
<212> TYPE: DNA
<213> ORGANISM: Bacillus halodurans
<400> SEQUENCE: 7
atgaaagtaa cgaagtttgg tggaacatcc gttgcgagtg cagagcaaat tcgcaaggtg 60
gctacgattyg tagcagatga tgtggagcegt aaaattgtcg tegtttcage tcectgggaag 120
cggcattcaa gcgatacaaa ggtgacggat ttgttaatte gtttaggaga aacgtactta 180
gaaaagggat atgcgaatga ggagctagag gcggttttac gacggtatga agaaattget 240
aaagggttgg agctecggcca agagatcatt gatcaaattyg cgaacgattt acacacaagg 300
ctaaccttta accaaagcaa ccccggtgea tttatggate aactcaaggce aagcggggag 360
gacaacaacyg cgaagttaat tgctgcctat ttgcaaacca aaggaatgaa tgcagtctat 420
gtaagcccaa aggaggccgg cctgttggtce agtgatgaac ctggaaacgce ccaagtgtta 480
cctgaggegt atgaccattt aaaaaagett cgtgaacgtyg acgaaatgat cgtattccca 540
ggtttttttyg gtttttctee agacggagcet ctegtcacat ttecgegagg aggctcggac 600
attactggag cgattttggc cgctggggtyg aaagcggaac tgtatgagaa ttttacagac 660
gtggattceyg tgtttgctge gaacccaaat gtcegttgaaa gtccggegca aattcggege 720
atgacttata gagaaatgcg ggagctttcce tatgeggget ttteecgtett tcatgatgaa 780
gegttaatte cagcatttceg gcaaaagatt cccgtttgtg tgaaaaacac gaacaatcct 840
agctcaccag gaacaatgat tctagcagag cgagagtact ttttaaatcc tgtcatcggg 900
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attgcggcag ataaagggtt
atagggttcg ggcegtegget
atccecgtcag gaattgatga
atcgagcatc ggatattage
gaaaaggatt ttgctatggt
tcagcacgag ccacggctge
ggatcgtetyg aggttagttt
cgtgaattgt atgaagaatt
<210> SEQ ID NO 8

<211> LENGTH: 1365
<212> TYPE: DNA

tgcgactatt

gttgcaaatt

tgccteggte

acgaataaaa

gatgatcgtt

gettgetaga

agtgcttgge

ttteggtggt

tatgttcgeca

attgaagatg

attcttegge

gaggagcttt

ggtgaaggaa

gctcatgtcea

atacacgaga

gccgaggaaa

<213> ORGANISM: Bacillus amyloliquefaciens

<400> SEQUENCE: 8

ctatgagagt aagactccgg

ctgttettet ttcactecga

gatgttgacg ccggetteceyg

gegecateget tcecccgacga

tgcttgaagt tcctgettca

attgtgccga aggatgatcg

tccttettee tccaaaatgt

atatttgctt atgtaaatge

gttegtattyg tcacggetge

cttaatttga acggggatge

ggaaaatccg gcataggaga

cggatgecege acgattgacg

gtacaggtcg gcttttaage

ggaaaacgtc acaatctcat

tcecttecacgyg tttetcagac

tcegggttea tccgtcacaa

gecectgeegt cggaagtagg

caccgcatce atatattgtt

actgcggatt ctttctataa

ccgttcaatyg accgtttegyg

acagcggatt aacagatccg

tacgacgacyg gcttteegeg

tgctecctgac gcaagagage

<210> SEQ ID NO 9

<211> LENGTH: 1394
<212> TYPE: DNA

cgaaaaattc

acatcatgcet

acagtgcttt

ccataatcag

gacgggtgac

tgatgtegte

gaagggcettt

tgcaaaagcc

tgacgacgeg

cggeccgaaa

gctcacgeat

ggttgacgga

cgctggcgag

getecttegt

ggtacaaatg

acagcceage

ctgcgatcag

cgggattggt

tagagaaatc

caagcteggyg

tcacctttgt

cgggatcage

tgcctecgaa

<213> ORGANISM: Listeria innocua

<400> SEQUENCE: 9

atgaaagtaa ttaaatttgg

cggaagcetet

gtcatacagt

gacttccgat

ggatgcccty

cgccagattyg

gagectgtgt

aatgccggat

geggecgaaa

cgtgtegett

tgttccttte

tgcgggaatc

ttceccgatac

atagacggca

aatggagceg

gtaaccgaaa

accataagac

ttetttegga

cttegegttyg

tttacagctg

caggttcage

cgctacacct

atcgtccgag

cgtcacgatt

ttttacaact

ttagcatcag

aatatttaat gaaccgtgaa

aaggccttte atatgagcat

aggagcaact gacggatgaa

gtgtcgacga tgtgtttgtt

tgcataacac tgtcggcatt

acattgaaat gattaaccaa

aagacgccga tgcggecgte

cggttcaata a

gecegeaceg cgtgttttte

gacccttgat tgatcatcte

geggttgtge cgacattatg

tgcctgactyg tgacttcate

tccagttetyg agtccatcetg

ggaacgtgtt catacgtcaa

ccgatttece ggttcattaa

gegatgeega tgactggece

gcatceggat tattegtatt

agcgcttcat catgaaaaac

gtcagttcgt taatttcttt

tccacatcag taaagttttce

gtaatatcag aaccgctccg

aatcccggaa aaatgatcaa

tcagggagca cctgegeget

cttacgtatt ccgetttcac

ttgtcctege cgctegectt

tttaaaagag cgaataggtc

tcacgcgega tggeggegta

ttttgcaaat aatgctccge

aagcgtttte ccggtgecga

tgaaacactt tctcaagctg

ttcat

ggattcaatt aaataaggtt

960

1020

1080

1140

1200

1260

1320

1371

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1365

60
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ttccaacttyg tagcggagga ttctgaacga aagatcgteg ttgtttetge acctggaaag 120
cgtttcaagg acgatacaaa agtgaccgat ttacttattg attgtgcgge aaaagcactt 180
ctaggcgaag atacgagtga actatttgaa gecgtcattyg cgagatatge tggcattgee 240
cttgatacag gaatggatga cgcgattatc acacaaattc gegecgactt acaaaagact 300
atttcgtcetyg ataaaagcga tcctgataaa tttttagate gaatgaaggce tagtggagaa 360
gacaataatyg cgaaattaat cgctgcttat tttaaattca aaggcttaaa cgccaactat 420
gttaatccaa aagatgctgg attatttgtg acggatgaac atgctagtgc ccaagttett 480
cctgagtett atgaccgttt atttgegett cgagagcgag aaggtatcat tgtttttcca 540
ggattttteg gttatacgaa agacggtgaa atcagtacat tttctcgaag tggctctgat 600
attactggag cgattgtcgce aaacggggcet caagctgagt tatacgagaa ctttactgat 660
gttgatgcag tgtatgcggt caatcccgcet attgtgaaaa atccgaagaa agttcttgaa 720
ctgacttace gggaaatgcg cgaactttcet tatgcagget tttetgtttt tcatgatgaa 780
gcactgatte cggegttcca tgcgggtatt cctgtgcata ttaaaaatac gaacaatcct 840
gattcttgtyg gtacacgtgt cgttcatgaa cgcgaaaaca ataatggtcc tgtecgttggt 900
attgctagtg atgatggctt ttgtagcatt tatattagta aatatttgat gaaccgcgaa 960
attggcttcg gacggaaagt gctgcaaatt ctggaagatg ctggattgaa ttatgaacat 1020
atgccgtetg ggattgatga tttaacgatt attattcecgtg aaaatcagtt tggtgaggac 1080
acagagcgga cgattatgac gcggttaaaa gaagaattaa atgccgatca agtgattatg 1140
caacatggta tctcecctgat tatggtegtt ggtgaagcta tgcgccataa tgttggaata 1200
acctcgegtg cttcgaaage tttatctgac gcgaaagtga atattgaaat gattaatcaa 1260
ggttcttetyg aagtaagtat tatgtttggt gtgaaggaag aacaggaaaa tacggccgtt 1320
cgcgcactat acaatgaatt cttttcagaa gtcttagtct aacaagtttt tcatcctgat 1380
tgatgagaaa cttg 1394
<210> SEQ ID NO 10
<211> LENGTH: 20
<212> TYPE: DNA
<213> ORGANISM: Artificial sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer
<400> SEQUENCE: 10
tctacctteg ttgaggaaga 20
<210> SEQ ID NO 11
<211> LENGTH: 20
<212> TYPE: DNA
<213> ORGANISM: Artificial sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer
<400> SEQUENCE: 11
cactcctgaa cggttaatcce 20

<210> SEQ ID NO 12
<211> LENGTH: 20
<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer
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<400> SEQUENCE: 12

tgagcagaca agagcgatta

<210> SEQ ID NO 13

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 13

atagatcget ccgatatggt

<210> SEQ ID NO 14

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 14

cctgtgateg gaattgcaag tgataaagga ttetg

<210> SEQ ID NO 15

<211> LENGTH: 35

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 15

atcttegtte caggagccga tggattattg gtgtt

<210> SEQ ID NO 16

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 16

tcgacatgtyg acaacaaact tttte

<210> SEQ ID NO 17

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 17

acgcatacca ttttgaacga tgacc

<210> SEQ ID NO 18

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 18

gecggatcect gcagttcatt aaagagcage

<210> SEQ ID NO 19
<211> LENGTH: 27

20

20

35

35

25

25

30
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<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 19

cgcgacatgt actacctect atttatg

<210> SEQ ID NO 20

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 20

cgeggcatge gtttcaatga agatcc

<210> SEQ ID NO 21

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 21

ttaagcatge aaaaggccag gaaccg

<210> SEQ ID NO 22

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 22

ttttggtace cgccataggt ctagag

<210> SEQ ID NO 23

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 23

gggcggtace ttattcttta gtctate

<210> SEQ ID NO 24

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 24

ccgaacatgt gggattaatt gtec

<210> SEQ ID NO 25

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 25
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ttceggtace cagcaaattg aacagc

<210> SEQ ID NO 26

<211> LENGTH: 34

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 26

gegcacatgt gaaaattatc gttcaaaaat tegg

<210> SEQ ID NO 27

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 27

getaggtace gctcctecte attctate

<210> SEQ ID NO 28

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 28

gegcacatgt gaaagtageg aagtttggag gttette

<210> SEQ ID NO 29

<211> LENGTH: 31

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 29

gctaggtace agtgtttcac acccaaatte g

<210> SEQ ID NO 30

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 30

gegcacatgt gggtcaagaa aatggtctte

<210> SEQ ID NO 31

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 31

atggtacctyg cccccgaatt tttgaac
<210> SEQ ID NO 32

<211> LENGTH: 31

<212> TYPE: DNA
<213> ORGANISM: Artificial sequence

26

34

28

37

31

30

27
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-continued

<220> FEATURE:
<223> OTHER INFORMATION: primer

<400> SEQUENCE: 32

gegcacatgt ggtttcattt ggtcgaatat ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 33

LENGTH: 29

TYPE: DNA

ORGANISM: Artificial sequence
FEATURE:

OTHER INFORMATION: primer
<400>

SEQUENCE: 33

atggtaccgyg cagtaaaaac tccattgat

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 34

LENGTH: 29

TYPE: DNA

ORGANISM: Artificial sequence
FEATURE:

OTHER INFORMATION: primer
<400>

SEQUENCE: 34

gegcacatgt gtattttcat ggcacaaca

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 35

LENGTH: 28

TYPE: DNA

ORGANISM: Artificial sequence
FEATURE:

OTHER INFORMATION: primer
<400>

SEQUENCE: 35

atggtaccge agcttagtat cttactet

31

29

29

28

The invention claimed is:

1. A method for producing L-lysine in B. methanolicus,
said method comprising introducing into said B. methanoli-
cus anucleic acid molecule comprising a nucleotide sequence
encoding an AKIII enzyme, such that an AKIII enzyme is
overexpressed, wherein said nucleotide sequence

(1) corresponds to a nucleotide sequence as set forthin SEQ

ID NO: 3 or a nucleotide sequence having at least 90%
identity to SEQ ID NO: 3; or

(ii) encodes the amino acid sequence as shown in SEQ ID

NO: 4 or an amino acid sequence which has at least 90%
sequence identity with the amino acid sequence of SEQ
ID NO: 4.

2. The method of claim 1 wherein the AKIII is sensitive to
feedback inhibition.

3. The method of claim 1 wherein the AKIII is resistant to
feedback inhibition.

4. The method of claim 1 wherein the B. methanolicus is a
wild-type B. methanolicus.

5. The method of claim 1 wherein the B. methanolicus is an
auxotroph or a mutant resistant to a lysine analogue.

6. The method of claim 1 wherein the AKIII is overex-
pressed in combination with the expression or overexpression
of other genes in the microorganism.

7. The method of claim 1 wherein the nucleic acid molecule
comprising a nucleotide sequence encoding an AKIII is
expressed from a non-native promoter.

8. The method of claim 7 wherein the promoter is a strong
promoter.
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9. The method of claim 1 wherein the expression of the
nucleotide sequence is not subject to transcriptional repres-
sion.

10. A B. methanolicus microorganism which overex-
presses an AKIII enzyme wherein said B. methanolicus has
been genetically modified by introducing a nucleic acid mol-
ecule comprising a nucleotide sequence encoding an AKIII
enzyme, wherein said nucleotide sequence

(1) corresponds to anucleotide sequence as set forthin SEQ

ID NO: 3 or a nucleotide sequence having at least 90%
identity to SEQ ID NO: 3; or

(i) encodes the amino acid sequence as shown in SEQ ID

NO: 4 or an amino acid sequence which has at least 90%
sequence identity with the amino acid sequence of SEQ
1D NO: 4.

11. The microorganism of claim 10 wherein the AKIII is
sensitive to feedback inhibition.

12. The microorganism of claim 10 wherein the AKIII is
resistant to feedback inhibition.

13. The microorganism of claim 10 wherein the microor-
ganism is a genetically modified wild-type B. methanolicus.

14. The microorganism of claim 10 wherein the microor-
ganism is an auxotroph or a mutant resistant to a lysine
analogue.

15. The microorganism of claim 10 wherein the AKIII is
overexpressed in combination with the expression or overex-
pression of other genes in the microorganism.

16. The microorganism of claim 10 wherein the nucleic
acid molecule comprising a nucleotide sequence encoding an
AKIII is expressed from a non-native promoter.
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17. The microorganism of claim 16 wherein the promoter is
a strong promoter.

18. The microorganism of claim 10 wherein the expression
of the nucleotide sequence is not subject to transcriptional
repression.

19. A synthetic nucleic acid molecule, which encodes a
polypeptide having AK activity, comprising or consisting of a
nucleotide sequence selected from the group consisting of:

(1) a nucleotide sequence as set forth in SEQ ID NO: 3,

(ii) a nucleotide sequence having at least 90% sequence

identity with a nucleotide sequence as set forth in SEQ
ID NO: 3,

(iii) a nucleotide sequence encoding the polypeptide whose

amino acid sequence is set forth in SEQ ID NO: 4; and

(iv) a nucleotide sequence encoding a polypeptide which

has an amino acid sequence having at least 90%
sequence identity with an amino acid sequence as set
forth in SEQ ID NO: 4.

20. An isolated polypeptide having AK activity and com-
prising or consisting of a sequence of amino acids selected
from the group consisting of:

(1) an amino acid sequence as set forth in SEQ ID NO: 4,

and

(ii) an amino acid sequence having at least 90% sequence

identity with an amino acid sequence as set forth in SEQ
ID NO: 4.

21. A construct comprising a nucleic acid molecule which
encodes a polypeptide having AK activity, comprising or
consisting of a nucleotide sequence selected from the group
consisting of:

(1) a nucleotide sequence as set forth in SEQ ID NO: 3,

(ii) a nucleotide sequence having at least 90% sequence

identity with a nucleotide sequence as set forth in SEQ
ID NO: 3,

(iii) a nucleotide sequence encoding the polypeptide whose

amino acid sequence is set forth in SEQ ID NO: 4; and

(iv) a nucleotide sequence encoding a polypeptide which

has an amino acid sequence having at least 90%
sequence identity with an amino acid sequence as set
forth in SEQ ID NO: 4,

said nucleic acid molecule encoding an AKIII enzyme,

operably linked to a non-native promoter.

22. A vector comprising a nucleic acid molecule which
encodes a polypeptide having AK activity, comprising or
consisting of a nucleotide sequence selected from the group
consisting of:

—_
w
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(1) a nucleotide sequence as set forth in SEQ ID NO: 3,

(i1) a nucleotide sequence having at least 90% sequence
identity with a nucleotide sequence as set forth in SEQ
1D NO: 3,

(ii1) anucleotide sequence encoding the polypeptide whose

amino acid sequence is set forth in SEQ ID NO: 4; and

(iv) a nucleotide sequence encoding a polypeptide which

has an amino acid sequence having at least 90%
sequence identity with an amino acid sequence as set
forth in SEQ ID NO: 4.

23. A vector comprising a construct as defined in claim 21.

24. A host microorganism into which a nucleic acid mol-
ecule which encodes a polypeptide having AK activity, com-
prising or consisting of a nucleotide sequence selected from
the group consisting of:

(1) a nucleotide sequence as set forth in SEQ ID NO: 3,

(i1) a nucleotide sequence having at least 90% sequence

identity with a nucleotide sequence as set forth in SEQ
1D NO: 3,

(ii1) anucleotide sequence encoding the polypeptide whose

amino acid sequence is set forth in SEQ ID NO: 4; and

(iv) a nucleotide sequence encoding a polypeptide which

has an amino acid sequence having at least 90%
sequence identity with an amino acid sequence as set
forth in SEQ ID NO: 4,

has been introduced.

25. A host microorganism into which a construct as defined
in claim 21 has been introduced.

26. A host microorganism into which a vector as defined in
claim 22 has been introduced.

27. A host microorganism into which a vector as defined in
claim 23 has been introduced.

28. The microorganism of claim 10 wherein said nucle-
otide sequence encoding said AKIII enzyme is obtainable
from a Bacillus sp.

29. The microorganism of claim 28 wherein said nucle-
otide sequence encoding said AKIII enzyme is obtainable
from a Bacillus sp. selected from B. subtilis, B. licheniformis,
B. halodurans, and B. amyloliquefaciens.

30. The micororganism of claim 10 wherein said nucle-
otide sequence encoding said AKIII enzyme is a variant of
SEQ ID NO: 3 wherein the variation is a nucleotide addition,
substitution, insertion or deletion relative to SEQ ID NO: 3.

31. The microorganism of claim 30 wherein said nucle-
otide sequence encoding said AKIII enzyme has 1, 2, 3, 4 or
5 or more nucleotide additions, substitutions, insertions or
deletions.



